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FOREWORD 


!%«  history  of  fciebc^  fhowi,  aimoat  idthout  excaption,  that  ne9  ksowl- 
•dge  of  any  natura,  no  matter  bow  acquired  or  with  what  object(>/a.  evcntu- 
ally  flndi  UKful  appllct'ticna.  Such  knowledge  may  be  gain^  for  ita  own 
■akc,  aa  in  bsaic  resaaich  programs.  The  results  of  basic  research  may 
become  UMful  in  many  areas,  the  e»Kt  nature  of  which  can  aeidom  be 
ascertained  at  the  time  when  the  research  is  started.  Similarly,  a^tpliad 
research  undertaken  with  more  or  less  spodflc  objectives  in  mind  may  And 
applications  quite  unrelated  to  the  original  objectives. 

This  is  the  case  with  the  electronic  countermeasures  program.  Since  its 
inception  on  a  large  scale  under  the  auspices  of  the  National  Defense 
Reeeerch  Committee  and  the  Armed  Servi^  during  World  War  li.  this 
program  has  resulted  In  the  development  of  techniques  applicable  not  only 
to  the  particular  objectives  originally  established,  but  also  to  many  other 
purposse  not  originally  envisioned.  Some  basic  research,  for  whkh  generally 
useful  applications  were  to  Ls  expected,  has  been  dons  as  a  part  of  this 


pj:ogtaBL  In  other  cases,  applied  research  projects  originally  directed  toward 
'ij^iAc  ends  yielded  net  only  the  results  inteiKlrJ  but  also  other  tschid|ygSf_ 
and  knowledge  of  general  usefulness.  \\ 

It  is  partly  on  account  of  this  aapect  of  the  ECM  pn^ram  tbafl^s  book 
hli  bein  wrftfiaMli  is  primarily  a  textbook  of  electronic  covnteri'  aaaurei 
techniques  intended  for  use  in  teaching  thoss  engaged  in  work  or  h,  ECM 
program.  In  addition,  it  documenu  research  and  development  vf^n'is  which 
can  be  used  not  only  for  countermeasures  but  for  other  purposes  u  w^.  For 
example,  all  the  following  material  U  of  genera!  interest;  Qiapter  6,  *unter* 
cept  Probability  ai^  Receiver  Paymeters"^'  Chapter  7,  *%>etcct!on  and 
Analysis  of  Signals'^  Chapter  9,  ‘^e  Intercept  Receiver^  Chapter  10, 
"Direction  Finding";  and  all  of  Part  IV,  "t^omponents  ,  including  circuit 
techniques,  various  types  of  microwave  tubes,  ferroelectric  end  ferromag¬ 
netic  devices,  and  propagation.  On  the  other  hand.  Part  III,  which  covers 
speciAc  countermeasures  equipment  and  techniques,  will  probably  be  most 
useful  to  those  actively  engaged  in  the  ECM  program. 

Many  of  the  authors  started  their  association  electronic  counter¬ 
measures  during  World  War  II  at  the  Radio  Hamrch  Laboratory  of 
Harvard  University,  at  the  Airborne  Instruments  |Mwmory,  or  si  private 


or  goyamment  laboratoriM  engaged  in  ECM  work.  Other  authors  have 
been  recruited  from  thoee  actively  concerned  with  ECM  eirie  World  War 
11  as  encpioyeee  of  contractore  of  the  Department  of  Dcfenie,  or  u  membcn 
of  the  eUffe  of  government  Saboratoriee.  They  were  selected  for  their  knowl¬ 
edge  of  particular  aubjecte-  The  work  of  writiiig  and  publishing  this  textbook 
was  carried  out  with  the  support  of  the  Department  of  Defenie,  including 
all  branches  of  the  Armed  Sendees,  under  U.  S.  Army  Signal  Corps  sponsor¬ 
ship.  It  is  hoped  that  this  volume  will  be  useful  u  a  textbook  for  com.ter- 
measur^  trsinlr^g  purposes,  and  as  a  general  reiefesce  soufce  for  the 
techniques  described,  whether  or  not  confined  to  countermeasurci  applica¬ 
tions. 

F.  E.  TnaiA.N 

Stanford  Unlwirsity 
October  1961 
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Introduction  and  Summary 


J,  A.  BOYD,  D.  B.  HARRIS,  D.  D,  KING, 
H«  W.  WELCH,  JR. 


1 ,  ?  Introduce i  on 

'!?he  first  large-scale  introduction  of  electronics  into  military 
opt  orations  took  place  jduring  v7orld  War  11.  Since  that  time,  the  part 
played  by  electronics  ’n  weapons  systems  has  increased,  often  to  the 
poi.nt  of  dominence.  This  growth  in  military  electronics  has  been 
characterized  by  a  profusion  of  diverse  techniques  aimed  at  fulfilling 
par  Cicular  military  requirements. 

Probably  the  most  confusing  and  little  understood  aspect  of  military 
ele rtronics  deals  with  countermeasures.  Since  it  is  concerned  exclu- 
si'/^ely  with  other  electronic  devices,  primarily  in  the  possession  of 
th«j  enemy,  electronic  countermeasures  is  removed  from  ttie  main  stream 
of  weapons  technology,  Hov/ever-  the  growing  dependence  of  modern 
weapons  on  electronics  and  a  recognition  of  their  vulnerability  has 
increased  tremendously  the  importance  of  countermeasures,  Ttie  complex 
teciiniques  evolved  to  effectively  countar  electronically  aided  weapons 
ha^"e  not  been  surveyed  and  made  available  to  the  practicing  engineer 
since  the  publication  of  wartime  accomplishments.  The  present  volume 
pr<r7ides  a  summary  of  modern  countermeasures  technology  for  those 
woirking  in  the  field.  The  scientific  and  engineering  aspects,  as  well 
as  the  military  requirements,  have  been  treated;  both  technical  and 
optnrational  problems  must  be  solved  to  achieve  successful  counter- 
rflea;:cres.  Therefore,  both  engiiieers  engaged  in  equipment  devel"»pment 
and  those  concerned  with  operational  characteristics  should  find  this 
bool:  valuable. 
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I  -2  Definition 

There  ha*  been  a  tendency  in  recent  yeers  to  dUtlnj{uI.O$  between  »!ec- 
tronic  countemMuuree  (ECM),  eiectronic  reconnaLwanse,  and  olectrontc 
(ounter-countcrmeaaurei  (ECCM).  When  taken  tegtther  thcar  function*  ar^ 
twiially  referred  to  ac  eiectronic  warfare  (EW).  In  practice,  one  can  aeldom 
{ ’^rnpietely  separate  thee*  function*.  It  it  necessary  to  conduct  eiictr^c 
reconnaissance  both  for  direction  of  the  ECM  researen  and  det'elopnr.ent 
!>fog;'am  and  for  the  operatloiutl  (tactical  and  strategic)  application  of  ECM. 
le.  this  book.  empSiaei*  is  on  eSsctronIc  countemMacurf£  and  electronic  re^ 
;onnalsean<;e;  howevi«k,  studies  of  Jamming  effectiveness  are  pertinent  to 
the  evaluation  cf  Jammit'ig  techniques  and  counter-ccuiitermeasursc  tech- 
niquss. 

Eiectronic  warft^rs  may  be  defined  as  the  employment  of  eSectrccIc  dovicm 
and  techniquoe  for  the  purpoees  of; 

(e)  Determining  the  existence  and  disposition  of  the  enemy's  eiMtronic 
aids  to  warfare. 

(6)  Destroying  or  degrading  thr  effectiveness  of  the  enemy'*  el^tronic 
aids  to  warfare. 

(r)  Preventing  the  destruction  cf  the  effectivsnecs  of  friendly  rlectrcnic 
aids. 

.'.•9  ■'’(MUliarltiss  of  'E'W  Systam* 

Electrunlii  warfare  eyst*>m  occupy  a  special  position  in  that  their  primary 
function  Is  to  it*  rv«|Hinrivs  to  enemy  action  or  potential.  Tbs  character  of 
effective  EW  nyetsms  aarl  iheir  development  cycle  does  not  follow  the  pattern 
Mt  hy  other  active  wea|Kin*  and  electronic  systems  and  subsystenw.  The 
isjiani  of  difference  may  Ire  listed  as  iollows: 

III*  (feed  for  EW  systems  Is  recognired  when  the  existence  of  enemy 
eslsitiiihed  or  po^tulatec. 

(ti)  Ih*  of  EW  lyilemi  ere  determined  by  the  nature  of 

enemy  ele-.umtli,  rievit** — knowi  nr  »nllc!p*ted. 

(c)  The  effKtlvstisu  m(  e{||  lyttom  rannot  be  demorutrsted  independ¬ 
ently  o.  enemy  d«vl(  «*,  ||ihir  wal  or  simulated. 

Id)  The  future  course  (»j  jsn  only  be  prsdlcted  in  term*  of  the  an- 
liripated  eiectronic  enviroiiniiHl  to  be  created  by  the  enemy. 

1 1(*  tlspendence  of  EW  methisis  on  Ihe  pre::eni  and  future  enemy  elec- 

I  IMII*.  HilMtire  places  the  entire  Ae!i|  of  kJW  In  a  particularly  clo6«  relation- 

MMMlu  I  '  *  commuiiily  Thf  techniques  of  signal  Intercept, 

enafpsii,  *(,«  location  are  primary  tools  for  electronic  IntelHgeace  (ELINT) 

«»«!  i  MiHiounlcat.on  Intelligence  (CoMINT),  Conversely,  the  Information  on 
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«nemy  i,cUvity  And  interpireUtion  !t  bAflc  to  EW  (ievflopment  too  pl>n> 
iting.  In  th«  CAM  o!  i  complex  tranimlstlon  eystem,  cltssiftcation  of  the 
signAl  u  ELINT  or  COMINT  nwy  not  b*  &  oimple  matUir. 

1.4  Reeoiireh 

The  developniAnt  of  elertronic  countermeuurct  eyitems  pkces  unusuA! 
demAndi  on  tecbniquee  end  components  reietrch  in  theti 

(a)  OpemtionsI  requirements  ere  continually  chongiim  with  the  devdop- 
mcnt  by  the  enemy  of  electronic  aids  to  warfare  whiclt  are  the  po¬ 
tential  tarfet  of  countermeasuree. 

(b)  Cheracteristlce  and  vulnerability  of  target  lystema  are  known  only 
through  tests  nuide  with  the  aid  of  ccuntermaasures  and  reconnali- 
sance  equipment  developed  to  meet  theee  itperational  requlrajicnts. 

(e)  Tns  potential  utiliuticn  of  the  complete  frequency  ipectmm,  ail 
types  of  modulation,  and  maximum  efficiency  and  security  of  infor¬ 
mation  handling  in  the  target  system  requires  axtrenr^  yc:aati!ity  in 
devices  and  techniques  in  tc'ms  of  design  and  operational  parameters. 

Frequently  these  demands  require  tbs  use  of  techniques  and  components 
which  are  not  fully  matured.  Much  of  the  research  is  directed  toward  evalua¬ 
tions  of  'sasibility  and  "trade-ohs”  inherent  in  the  choice  from  a  multiplicity 
of  alternative  approaches  to  a  given  problem.  An  intercept  or  Jammin.  sys¬ 
tem  designed  sp^bcally  for  a  given  target  system  is  limited  in  its  applica¬ 
tion  to  other  target  systems.  On  the  other  hand,  a  system  designed  to  handle 
a  number  of  target  systems  is  limited  in  its  capability  against  specific  tar¬ 
gets  and  is  usually  extiraordinarily  complex  from  an  operational  standpoint. 

Certain  techniques,  suck  as  the  ability  to  sort  and  analyse  signals  and 
Mlectively  radiate  large  amounts  of  pow'er  over  a  wide  frequency  range,  have 
relatively  little  value  for  epplications  other  than  countermeasures.  The  de¬ 
velopment  of  these  techniques  requires  in  many  case*  the  development  of 
components  cuch  as  electrc.'ilcelly  tunable  devises,  broadband  ampliflei'a  and 
mixers,  nigh  power  CW  oscfllatars,  and  notss  generators,  which  in  turn  find 
little  application  in  other  then  countermeasures  equipment.  On  the  other 
hand,  since  the  research  on  these  techniques  and  components  is  continuously 
pushing  the  state  of  the  art,  mush  of  cur  ktiowletige  of  the  limits  of  elec¬ 
tronic  performances  has  resuked  from  the  countermeasures  effort. 


l.S  Summary  of  Subje^its  Treated 
In  the  following  sections,  a  short  summary  Is  given  of  each  subject  treated 
in  this  bunk,  with  emphasis  on  the  particularly  significant  results  presentee! 
Ip  each  cose. 
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LStl  IzilroducUon  an*?  jSumrdawjr 

Thli  chapter  is  edequateiy  repretent^  by  matfilal  la  SecUoss  M 
through  1,4  and  needs  no  further  luntmaiy, 

l.S.2  HSetory  oi  Electronic  Cttustiermeasure* 

This  chapter  jivec  the  historical  bachgrousd  of  the  ECM  researdt  add 
developtncnt  progrant  and  discusses  features  of  this  program  idiich  are 
unique.  The  deve!q)ment  of  ECM  since  World  War  11  b  traced. 

Techniques  developed  in  the  World  War  !I  programs  are  discustad,  and 
the  general  characteristics  of  spscii^c  equipments  are  described.  Sohm  of 
these  equipments  are  now  o'tisolete;  sotoo  are  still  in  use.  Emphasis  la  laid 
on  the  evolution  of  ECM  technlquee  whicJi  led  to  modem  requirements  and 
methods. 

A  section  of  Chapter  2  deals  with  ih*'  postwar  resaarch  and  development 
program  in  the  ECM  held.  Many  of  the  equipments  described  here  are  in 
current  use.  The  recsena  for  deveioping  the  techniques  described  end  their 
effect  on  the  boundaries  and  objectives  of  tlw  ECM  research  and  develop* 
ment  program  now  in  progress  are  dlKUstied. 

No  attempt  is  made  to  |>rovide  u  complete  list  sf  equipment,  techniques, 
specificxtlons,  and  applications,  liiiiead.  emphasis  is  laid  on  the  problems 
encountered  and  the  ways  in  which  they  are  solved.  The  progrem  «,rried 
out  immediately  after  the  war  for  appraising  the  e^ectivenes'  of  slcctronic 
warfare  techniques,  particularly  as  applied  ageinst  tJie  Germans,  Is  described. 
Information  wes  obtained  on  the  spot,  by  olMcrvers  ir.  Germany,  as  to  the 
experiences  of  German  radar  personnel  opercting  their  equipment  while  it 
was  being  Jammed  by  Allied  airborne  ECM  equipment.  This  information  led 
to  the  conclusion  that  the  ECM  pmgram  was  highly  sucesasful,  and  grratiy 
reduced  the  effectiveness  c*  the  German  radar. 

1.5.S  Perepective  of  ECM  in  Mcilern  Warfare 

The  ways  in  which  the  military  situation  and  the  geography  of  the  battle 
and  supporting  areas  alTect  the  problem  of  destroying  or  degrading  the  utiiity 
of  enemy  communications,  weapon  systems,  and  surveillance  devices  Is  can* 
sidsred  in  detail  In  Chapter  3. 

Airborne  ECM  has  both  defensive  and  reconnaissance  functions;  is 
considered  separately  as  well  as  in  systems  that  combtn«!  them.  Chapte;  3 
also  includes  consideration  of  countermeasures  against  early  warning  rnd.ar, 
airborne  intercept,  )9,nd  tracking  radars,  and  communicstlos’.s,  guidance,  and 
fuze  countermeasures. 

UtPixstion  of  ECM  by  nsvai  forces  is  discussed. 

ECM  In  air  dnfense  is  largely  cor.  erned  with  countering  bombing  ar^d 
navlgatiofv  rmiar.  Passive  detect  bn  by  scanning  receivers  and  target  track- 
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ing  «lio  tavc  An  impcrtARt  pUce  in  air  dalerjtc;  Mveral  type*  of  syatAmi 
art  llluitiAted. 

ECM  in  ground  operttlons  !■  from  the  tactical  employment 

atandpoint  only.  Some  of  theee  applt’cationa  sre:  ECM  againit  aurveillarice 
drone  lyitsma,  agalnat  unenciphered  tactical  communication  neta,  agaiinat 
enemy  mortar  and  artillery  tracking  radara,  againat  tactical  bombing  radara, 
against  missile  aystema,  and  egainat  electronic  surveillance  tevlcca  suck  as 
intercept  recoivera,  MTI  radars,  and  infrared  scanners,  both  ground-based 
and  airborne.  Predetonation  of  varlable^Mme  fuses,  and  counter-counter- 
measures  against  ECM  repeater-jammers  ars  briefly  considered. 

ECM  In  acro'spara  has  not  yet  been  thoroughly  Inveatigatad,  Two  areas 
of  interest  ars  countermeasures  againat  electronic  surveillance  of  objecta  on 
earth,  and  against  AICBM  complexes. 

1.S.4  Operatlona!  Objectives  of  Inteitwpt  Systoiiu 

Intercept  syatenu  gather  ri^v-onnaissarsce  information  by  receiving  and 
analysing  enemy  signals.  The  knowledge  gained  by  this  operation  permi'i 
a  more  accurate  assessment  of  enemy  facilities  and  preparations  than  wot^id 
otherwise  be  possible.  The  general  value  of  Intercept  lyitems  lies  in  pro¬ 
viding  information  on  the  enemy  signal  environment  which  is  useful  from  an 
Intelligence  point  of  view.  The  location  and  character  of  enemy  electronic 
emitters  ruch  as  radars,  navigation  aids,  and  communications  transrtltters 
clearly  has  a  direct  operational  significance.  The  application  of  sucli  inter¬ 
cept  data  to  active  electron!;  countermeasures  represents  a  specific  tactic/il 
application.  Thus,  exact  knowledge  of  radar  characteristics  permits  the 
preparation  of  optimum  electronic  countermeasures  for  use  Bgalmt  the  par¬ 
ticular  target  radar.  In  a  broader  sense,  the  increasing  use  of  elec'.romagnetic 
signals  in  military  operations  has  equally  increased  the  Kope  ant'',  importaiKc 
of  eiKCtronlc  intercept  systems.  To  obtain  comprehensive  ir/ormation  on 
enemy  radiatinns  is  s  tremendous  task,  but  the  intelligence  tr  be  gainc-d  on 
enemy  military  and  tKhnologIcal  posture  is  proportionate. 

Signal  Envlrcnment  Study 

The  design  of  Intercept  equipment  for  the  detection,  location,  and  recogni¬ 
tion  of  signals  associated  with  particular  radiating  equipments  depends  to  a 
significant  extent  on  the  environment  in  which  the  irtercept  receiver  will 
operate.  SignsI  density  is  an  important  parameter  of  this  environment. 
Various  workers  have  approached  the  problem  of  predicting  signal  density 
in  diverse  ways.  Geographic  maps  showing  typical  deployments  of  tactical 
units  in  the  field,  with  their  a.Hsociated  radiatinr;  equipment,  have  been 
prepared,  tog.ther  with  complete  lists  of  enemy  and  friendly  radiating 
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efjuipment  for  the  perticulrj-  model  choeen.  From  this  infomution,  predicted 
F^giul  deniitiM  have  been  derived.  Studiee  alosf  theie  Huei  lead  to  a  predic¬ 
tion  of  the  number  of  cignali  which  an  intercut  eyitem  will  be  required  to 
handle  timultaneouaiy. 

Recent  work  includ-^  three  sijtnal  deniiiy  studiee  ifi/nploylag,  reepectlvely, 
a  Monte  Carlo  techrJque,  a  detennlniitlc  model,  and  a  etochutlc-proceee 
model.  All  of  thcee  methods  give  high  valuee  ft*’r  signal  density,  posing  a 
serious  problem  for  recelvvnr  designers.  Prvliml^ary  studies  aim^  at  com¬ 
paring  the  results  of  the  Monte  Carlo  model  the  stochastic  process  model 
suggest  that  perhaps  the  Monte  Carlo  meth^  cr>ur.U  the  sigrjds  from  one 
transmitter  too  often.  In  the  other  apj;^oech,  the  beiic  assumption  of  a 
uniformly  fandom  distribution  of  transhiltters  ii>  actually  violated,  and  thus 
Its  result  tp'Vtt  too  low  an  estimate  of  the  signal  density  in  some  reeions. 

Studies 'oased  on  models,  such  as  those  described  at^,  may  be  supple¬ 
mented  for  purposes  of  veriflcatlon  and  of  intelligence  by  observations  made 
in  the  Held  by  meani  of  a  droM  aircraft  equif^Fcd  with  simple  intercept 
rqulpnient.  The  dronr  is  equipped  with  three  low-sensitivity  receivers  along 
with  pulse-counting  and  recording  devices.  The  system  counts  Un  cumber  of 
pulses  received  and  records  the  rMuIts  as  a  function  of  time.  The  signal 
density  is  read  out  and  plotted  on  maps  of  the  tactirsl  ares.  The  contours 
resulting  may  then  be  used  to  show  indications  of  the  locations  of  major 
supply  areas,  depots,  and  rail  heads;  concentration  of  troops:  and  shifts  in 
air  defense. 

l.S>6  Intercept  Probability  nnd  Receiver  Parameters 

The  effectiveness  of  an  intercept  receiver  depends  primarily  *>pon  the 
length  of  time  required  for  the  receiver  to  intercept  a  signal,  and  secondarily 
cn  the  length  of  time  the  intercepted  signal  continues  to  actlvats  the  receiver. 
Where  CW  signals  are  involved,  the  length  of  time  required  for  an  intercept 
is  dependent  upon  the  receiver  ttming  rate  and  the  signal  to-noise  ratio:  for 
pulsed  slgiiaii,  signals  sweeping  ia  direction  or  frequency,  or  both,  the  fore¬ 
going  factors  are  pertinent  as  well  a?  the  probability  of  frequency  and 
bearing  coincidence  between  the  transmitter  and  receiver. 

In  the  Arst  part  of  Chapter  6,  the  probability  relationshlprt  applying  to 
the  intercept  problem  are  developed  in  a  general  manner.  It  is  shown,  for 
example,  that,  if  a  coincidence  probability  of  unity  is  assumed,  a  signal  in 
the  form  of  a  0.5  ;isec  pulse  of  S  watts  peak  power  masked  by  gaussian 
noise  having  a  uniform  iwwer  density  of  .V  watts  per  cpi  over  a  bandwidth 
of  t  Me  requires  a  slgnnl-to-noUe  latio  of  13  db  to  give  a  detection  prob¬ 
ability  of  90%  Oil  a  single  trial  with  a  false  alarm  probability  of  0.001.  This 
result  applies  where  everything  is  known  about  the  signal, 


CHARACTERISTICS  OF  ELECTRONIC  COUNTERMFJ^SURES  1-^ 

CUmc  TeUtloiuhlpi  are  developed  U)t  tke  cue  of  3i  orOoRonal  si|Ml« 
where  the  time  of  occurrence  or  the  frequency  of  each  signal  nmy  be  un* 
known.  Curves  are  prcvided  which  permit  the  prediction  of  detection  prob> 
abilities  as  a  function  of  peak  power,  detectability  index,  and  false  alarm 
rate.  An  ideal  receiver  is  cunsidsred,  and  it  is  ^owti  that  this  receiver, 
which  is  pr^bltively  expensive,  can  be  timplifled  by  the  use  of  a  gated 
matched  filter.  The  coincidence  concept  ie  considered  in  a  general  manner, 
and  unit  coincidence  probabilities  and  the  time  required  for  intercept  are 
developed  as  functions  of  system  paranieters,  such  as  the  duratim  of  a 
pulse,  the  receiver  sweep  period,  the  signal  pulse-repetition  period,  the 
2iignal  spectral  bandwidth,  the  receiver  acceptance  ba'*''  u'th,  the  traiumit- 
ting  antenna  look  period,  and  the  transmitting  antem.  ■  ution  period. 

Starting  with  Swtion  6.4,  the  coincidence  properties  of  various  types  of 
receivers  are  considered.  It  is  shown  that,  for  receivers  sensitive  only  to  the 
major  lobe  of  the  tranamittins  antenna,  if  che  acceptance  band  of  the  re¬ 
ceiver  is  displaced  by  its  own  width  in  one  revolution  period,  an  intercept 
is  certain  in  ono  scanning  period  of  the  receiver;  the  time  required  for  Inter¬ 
cept  ia,  however,  unduly  long.  Where  the  ecanning  period  is  comparable  with 
the  revolution  period  of  the  transmtttlEig  antenna,  reaulti  become  unpredict¬ 
able.  If  the  scanning  period  is  comparable  to  the  duration  of  &  "look”  of 
the  transmitting  antenna,  as  in  the  case  of  a  rapid-acan  receiver,  an  inter¬ 
cept  during  the  time  of  the  "look”  is  certain,  and  the  time  required  for 
completing  the  intercept  ia  email.  Where  the  scanning  repetition  frequency 
of  the  receiver  is  comparable  with  the  PRF  of  the  transmitted  signal,  predic¬ 
tion  is  difficult,  but  satisfactory  reaulti  are  obtained  because  of  the  instability 
of  the  system.  If  the  scanning  loericd  is  comparable  with  the  pulse  length  of 
the  transmitted  signal,  an  intercept  is  obtained  on  the  first  pulse  "seen”  by 
the  receiver.  In  ail  cases,  the  proportion  of  the  pulses  Intercepted  is  equal 
to  th0  ratio  of  the  receiver  acceptance  bandwidth  to  the  receiver  scanning 
bandwidth. 


IuiS.7  Detrwtioti  and  Analysis  of  Signals 

The  theory  of  signal  detectability  is  a  specific  application  of  general  statis¬ 
tical  declsic!^  theory.  The  probleni  is  ors.i  of  deciding  whether  ft  signal  was 
present  in  the  noise  and  interference  or  whether  only  noise  and  interference 
were  present.  It  differs  from  the  usual  signal-to-noise  ratio  approach  to 
receiver  design  by  considering  the  objectives  of  the  receiver  first  and  work¬ 
ing  backward  toward  the  actual  receiver  design.  On  this  basis,  designs  can 
be  obtained  which  can  be  said  to  be  truly  optimum;  and  nonoptimum  re¬ 
ceivers  can  be  rated  against  the  optimum. 

The  history,  mftihsm.atical  development,  and  explications  cf  the  theory 


1-8 


ELECTRONIC  COUNTERMEASURES 


ftre  reviawed.  Multiple-decision  problems  end  lequcntinl  detecticn  procesMs 
u  extensions  of  the  theory  are  than  dixussed. 

The  second  section  of  the  chepter  sumkntrises  methods  of  nmthemtticnl 
signs!  snslytis  thst  have  been  used  in  the  past  In  vaHous  fields,  including 
electromagnetic  reconnaissance.  In  reconnalfuance,  one  of  the  major  proUems 
!s  that  of  defining  a  set  of  significant  measurable  properties  of  the  class  of 
all  signals.  The  relevant  equations  for  the  decomposition  Into  classes  and 
lubclassea  of  signals  arc  given  and  analysed.  Some  physical  measurements 
and  apparatus  useful  in  analysing  signals  are  dluussed;  the  measurements 
are  meaningful  for  both  stochastic  and  deterministic  signals.  A  Icmr-order 
statistical  anr'yser  system  for  crder-o.f-battle  electromagnetic  reconnai!>sance 
is  given,  follo^^  by  a  description  of  the  signal  intercepts  at  the  output  of 
a  reconnaissance  receiver. 

1.8.8  Psyehophystci  in  Electrcnie  Warfare 

The  human  being  may  be  considered  an  integral  part  of  many  systems 
employed  in  tiie  data  collection,  data  storage,  data  dissemination  and 
decision-making  processes  involved  in  modem  warfare  The  “operating 
characteristics*’  of  the  human  otnerver  in  tnan-machine  systems  may  be 
specified  and  quantified  through  the  use  o!  psychq>hyrlcs. 

Psychophysics  employs  the  experimental  methodology  of  psychology  and 
makes  use  of  statistical  decision  theory  and  information  theory  in  detenriin- 
ing  the  limitations  and  capabilities  of  the  human  component. 

Chapter  S  gives  examples  of  analyses  of  convtntionoJ  communications 
systems,  rar’^r  systems,  and  the  effect  of  countcrmeaaures  action  on  these 
systems.  The  applications  of  the  methods  of  psychophysics  to  the  counter¬ 
measures  problem  are  described  in  detail. 

1.5.9  The  intercept  Receiver 

Factors  affecting  Intercept  receiver  design  are  considered,  Including  lock 
of  c  priori  information;  inability  to  use  integration  techniques;  complexity 
of  signal  characteristics;  divergences  in  operational  requirementa;  diver¬ 
gences  in  physical  requirements;  requirements  for  wide  frequency  ranges 
and  wide  dynamic  ranges  encountered;  complex  data  handling  problems;  and 
the  presence  of  false  signals.  The  intercept  probability  problem  is  appraised 
with  particular  emphasis  on  the  effect  of  this  parameter  on  receiver  design. 
The  necessity,  In  designing  a  receiver,  for  taking  into  account  the  high 
signal  deiisitles  encountered,  and  the  consequent  data  handling  problems 
are  d.'Kussed.  ConHideratlon  is  given  to  the  relationship  of  an  intercept  re¬ 
ceiver  to  a  complete  intercept  system  which,  Ir.  addition  to  the  receiver,  in¬ 
cludes  the  antenna,  possible  auxiliary  display  equipment,  data  processing 
and  recording  equipment,  etc. 
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A  very  general  relationship  ii  introduced,  leading  to  a  figure  cl  irerit  based 
only  on  the  composite  abilities  of  an  Intercept  system  to  monitor  simulta-' 
neously  both  frequency  and  volume  of  space.  The  capabilities  of  receivers 
having  various  characteristics  and  configurations  is  reviewed  in  the  light  of 
thi.s  figure  of  merit.  Sensitivity  standards  are  considered,  and  methods  for 
estimating  received  power  and  signal-to-noise  ratio  are  described.  The  im¬ 
portant  receiver  characteristics,  such  as  noise  figure,  bandwidth,  gain  and 
dynamic  range,  tuning  range  and  tiinablllty,  and  epurious  signal  respoRie 
are  considered,  as  they  are  affected  by  the  environment  in  which  the  recover 
ifl  required  to  operate,  taking  into  conildsration  such  factors  as  intercept 
probability  anti  the  time  required  to  achieve  intercq)tion.  Direct  detection 
receivers  for  broadband  operation,  with  or  without  rf  proampliflcaiion  or 
tunable  preselection,  including  wide-open  electronically  sweeping  and  mul¬ 
tiple-channel  detection  types  ore  dsscribed.  Similarly,  superheterodyne  re¬ 
ceivers,  raschanically  or  electronically  tuned  and  with  or  without  rf 
preampliflcation,  are  appraised.  A  particular  case  Is  the  microsweep  super¬ 
heterodyne,  which  has  capability  of  sweeping  through  its  entire  tuning 
range  in  the  period  of  one  radar  pulse,  thus  achieving  perfect  Intercept 
receiving  probability.  Special  requirements  for  CW  reception,  the  intercep- 
tion  of  "variable  frequency"  radars,  other  signal  recognition  problems,  and 
receiver  "look  through"  are  reviewed. 

1.5.10  Direetion  Finding 

llie  location  of  enemy  emitters  is  a  prime  intelligence  datum  to  bo  gained 
from  an  intercept  eystem.  Tc  determine  the  source  location,  the  direction  c! 
arrival  of  the  received  signal  must  be  measured  at  several  points.  The  Inter¬ 
section  of  the  direetion  lines  then  locates  the  source,  The  necessary  angle 
coordinates  are  furnished  by  the  direction  finder  at  each  location.  Antennas 
used  for  this  purpose  sample  the  amplitude  or  phase  delay  of  the  incident 
wave  front.  Sequential  or  instantaneous  ccmpariions  then  indicate  the  angle 
of  arrival.  The  accuracy  in  angle  measurement  generally  increases  with  the 
available  antenna  dimensions  In  wavelengths.  Significant  bearing  errors  ere, 
of  course,  introduced  by  propagation  effects  which  may  distort  the  wave  In 
a  v?.riety  of  ways.  The  techniques  chosen  for  measuring  the  direction  of 
arrival  vtvry  widely,  and  depend  on  ihe  typo  of  signal  intercepted,  on 
the  operating  wavelengths,  and  on  the  local  environment,  i.e.,  on  whether 
air,  sea,  or  land-based  operation  it  required.  Although  direction-finding 
methods  occupy  an  important  place  in  navigation,  communicution,  and  detec¬ 
tion  systems,  the  reconnaissance  function  emphasised  in  Chapter  10  offers 
perhaps  the  broadest  application  of  direction-finding  techniques. 


1-10 


ELECTRONIC  COUK  „  ERMEASURES 


l.S  \1  Tba  Ansijrftt  of  R«eonii«lM«iicc  Infonaittlon  from  th« 
D«(a  fifondUni  Point  of  Viow 

Electronic  reconndMince  ditA  conUina  inforituttior.  on  the  locution  ana 
echnlcal  characte''  of  the  various  enemy  emittera.  The  analyii*  of  the  datst 
/ilecietii  alma  to  extract  this  information.  Dept>.ding  on  the  degree  of  pre¬ 
cision  reasbed,  the  reaulta  are  labeled  Electronic  Order  of  Battle  (EOB)  or 
Electronic  Intelligence  (ELINT).  Thti  typea  of  receivers  avaiial^e  for  col¬ 
lecting  enemy  signals  select  a  certain  sample  of  the  enemy  emissions;  the 
nature  of  the  sample  depends  on  the  receiver  characteristics,  but  generally 
it  contains  a  tremendous  mass  of  largely  rsdundant  data.  Analyids  of  this 
mass  of  data  involves  the  perception  of  previously  eetaolished  forms.  The 
primary  analysis  function  provides  rapid  clastlftcation  and  indexing  of  the 
incoming  signals.  In  many  cases,  the  primary  classiilcatiorM  provide  an 
adequate  identification  of  the  signals  Involved.  A  few  of  the  coarse  categories 
may  be  further  studied  in  a  secondary  analysis  designed  to  extract  the 
maximum  informtUon  from  a  given  signal.  Many  of  the  operation^  required 
in  analyiis  such  sj  digitalizing,  sorting,  and  storing  requii^  hlgh-imeed 
machine  techniques.  Others,  such  os  complex  waveform  analysis  and  language 
translation,  demand  human  aaistance.  Of  course,  the  final  step  in  analysis, 
namely.  Interpretation  and  dtsseminaticn  of  intelligence  information,  is 
always  a  human  operation. 

1.5.12  Baalo  Types  of  Maekinf  Jamuuira 

The  general  rheiiicteristics  of  masking  jammer  trsnsmltters,  jammers 
capable  of  obscuring  information,  are  treatsd  in  Chapter  12.  The  band^ddth 
of  a  jammer  and  iu  radiated  power  are  both  isnportant  factors  in  nujiklng 
jamming.  Wide  bandwidths  Mm  dcrirabie  if  radars  and  radio  receivers  cover¬ 
ing  a  broad  fiequency  spectrum  are  to  be  jammed.  High  output  powers  are 
required  to  jam  high-powered  radars  or  to  jam  at  <ong  ranges.  Oenorally, 
bandwidth  may  be  traded  for  power;  !.$..  high  Jammer  power  output  may  ^ 
achieved  by  sacrificing  bendwidth.  Masking  jamming  is  also  affected  greatly 
by  the  type  of  modulation  used.  The  modulation  type,  such  u  amplitude  or 
frequency  modulation,  and  the  modulating  waveform,  such  as  a  sine-wave 
or  sawtooth  function,  determine  hau-  the  available  jamming  energy  Is  dis¬ 
tributed  in  the  frequency  spectrum.  Usually,  it  is  desirable  to  distribute  the 
jamming  energy  evenly  over  the  bandwidth  wi'h  the  signal  amplitudes  fol¬ 
lowing  I  gaussian  dist  ibutinn.  The  spectrum  obtained  from  frequency  mod- 
ulatiun  by  noise  combined  with  frequency  modulation  by  a  sine  wave  ap¬ 
proaches  the  "ideal”  spectrum.  Another  means  of  obtaining  such  a  spectrum 
is  the  (iiroct  amplification  of  noise  (DINA).  Itt  practice,  amplitude  distribu¬ 
tion  is  not  truly  gaussian  because  high  noise  peaks  are  sliced  off  either  in- 
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tentionally  or  because  o(  equipment  limitations.  Clipping  can  reduce  peak 
power  requirements  and  can  minimise  power  wast&ge  !n  the  carrier. 

Masking  jammers  may  be  placed  in  the  categories  of  barrage  Jammers, 
spot  jammerr,  swept  Jammers,  and  sweep-lock  jammers.  Some  jammers  fall 
into  two  or  more  of  these  categories  by  having  alternative  modes  of  opera¬ 
tion.  Barrage  Jainmert  are  vddcband  noise  transmitters  designed  to  prevent 
use  of  frequetKies  over  wide  portions  of  the  electromagnetic  spectrum,  Many 
receivers  can  be  jammed  simultaneously,  or  fnftq'vency-divenity  radars  can 
be  jammed  without  readjusting  the  Jamming  frequency.  Barrage  Jammers 
may  not  work  effectively  against  systems  which  use  high-powered  trani- 
mltters  because  jammer  power  may  not  be  sufficiently  high  in  the  transmitter 
frequency  band.  Spot  Jammers,  manually  tunable  transmitters  which  sre 
aniplitude  or  frequency  modulated  by  noise  or  by  a  periodic  function,  can 
concentrate  high  power  in  a  narrow  band;  these  jammeri  can  be  used  to 
muk  specific  transmitters  from  communicatiotis  or  radar  receiver?.  Where 
tunable  receivers  cannot  be  used  hs  an  antijem  feature,  spc>t  jammers  can 
be  used  to  good  advantage.  Swept  jansiners  are  transmitten  In  which  a 
narrowband  jamming  signal  is  tuned  over  a  broad  frequency  band.  These 
jammers  combine  the  high  power  capabilities  of  spot  jammers  and  the  bi-oad 
bandwidth  of  barrage  jammers.  An  important  factor  in  considering  the 
effectiveness  of  swept  jammers  is  the  dwell  time,  the  period  during  which 
jammer  noise  is  In  a  receiver's  bandpass.  A  sweep  lock-on  Jammer  is  essen¬ 
tially  a  svrept  Jummer  with  the  additional  feature  of  lock-cn  capability.  The 
sweep  lock-on  jammer  can  concentrate  much  noise  power  in  a  narrow  bsnd. 
This  type  of  jammer  can  lock  on  to  a  second  signal  much  more  quickly  tluin 
a  spot  jammer  can. 

l.SilS  Geometry  of  the  Jemndeg  Problem 

The  locations  of  jammers  and  receivers  affect  the  required  jamming  power 
levels.  Equations  are  readily  deHved  for  ;\srtlcular  geometries  and  i»rtic- 
ular  jamming  situations;  parameters  entering  into  these  equations  must 
be  carefully  considered  for  each  individual  problem.  As  would  be  expected, 
the  threshold  of  intelligibility  must  be  defined  diffeiently  for  each  system 
and  for  each  type  of  jamnilng  signal.  Some  of  the  factors  which  appear  when 
considering  geometrical  relations  in  radar  Jemming  include  the  jamming 
noiite-to-signal  ratio  at  the  ri'ceiver,  receiver  bandwidth,  range  between  jam¬ 
mer  and  receivers,  antenna  gains,  and  radar  croes  sections.  How  a  particular 
jamming  situntion  Is  examined  determines  which  of  thoiee  and  other  factors 
enpear  in  the  equations.  For  example,  if  a  aelf-screenlng  airborne  radar 
jammer  is  aboard  the  target  aircraft,  the  minimum  range  at  which  the 
jsmmer  is  effective  is  expressed  in  terms  of  the  .eciar  p'jak  power,  the  radar 
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IraiMmitter  tctenni  fkia,  the  nd&r  receiver  bandpue,  the  Jammer  power  per 
megacycle,  the  Jammer  antenna  gain,  the  radar  croee  tecilon  of  the  target, 
the  ground  reflectiors  factor,  and  the  camouflage  factor.  For  the  caee  of 
jamming  a  eearch  radar  from  a  target  aircraft  carrying  the  Jammer,  many  of 
the^e  same  expreseloni  can  be  uied  In  deriving  an  equation.  Here  the  final 
equation  may  be  a  comparison  only  of  maximum  detection  ranges  out  of  and 
in  a  Jemming  environment.  The  ratio  of  the  rsngcc  can  be  expreued  nimply 
in  terms  of  the  normal  minimum  detectable  signal  and  the  minimum  detect¬ 
able  signal  in  the  preetiice  of  Jamming  noise.  For  ciMnmunications  Jamming, 
two  rangee,  that  ^tween  the  communications  transmitter  and  the  receiver 
and  that  between  the  Jammer  transmitter  and  receiver,  must  be  conddered. 
In  a  cose  such  as  this  one,  more  attention  must  be  paid  to  propagation  con¬ 
ditions  since  the  ttansmlssion  paths  are  not  the  same  for  the  communications 
and  Jamming  signals.  The  geometrical  picture  of  the  radio  proximity  fuite 
Jammii  g  problem  i«  more  complex  than  thoee  of  communications  and  radar 
problems.  It  Is  necusary  to  consider  the  trajectory  of  the  fused  mlialle,  the 
location  of  the  Jammer,  and  the  target  area  to  be  protected^  If  a  fused  missile 
Is  to  be  predetonated  at  a  certain  height  above  the  ground,  the  Jamming  field 
strength  must  be  sufficiently  greeter  than  the  threehold  held  strength  above 
this  height.  Other,  more  complex,  geometry  problems  involving  the  use  of 
Jammers  exist.  For  example,  a  difficult  situation  to  evaluate  would  be  one  in 
which  multiple  Jammers  are  used  against  air-to-air  missiles  by  aircraii  flying 
in  formation.  In  such  a  case,  to  determine  the  volume  of  protection,  the 
pattern  of  the  Jamnters’  antennas,  the  Jammer  powers,  the  sparing  between 
Jammers,  and  the  direction  of  arrival  of  a  mis^ie,  all  must  be  taken  into 
account. 


1.5.14  Effectivnieea  of  Jamming  Slignale 

Tiie  problems  of  evaluating  the  isffectlveneu  of  jamming  signals  in  search 
radar,  tracking  radar,  and  communications  situations  are  treated  in  Chapter 
14  with  ccnslderatlon  being  given  to  those  signals  established  as  being 
feasible  of  generation  and  effective  as  electronic  countermeasuree. 

First,  the  general  concepts  of  determination  of  effectiveness  of  signals  i.s 
considered;  then  search  radar  is  discussed  from  both  theoretical  and  experi¬ 
mental  points  of  view.  Criteria  are  established,  end  the  responses  of  receivers 
to  DINA  and  FM^by-noise  Jamming  are  ascertained.  The  influence  of 
standard  antijamming  techniques  on  the  effectiveness  of  the  Jamming  is 
considered. 

In  tracking  radar,  the  influence  cf  the  type  of  tracking  employed  on  Jam¬ 
ming  signals  to  be  used  is  established.  Experimental  methods  of  determining 
Jamming  effectiveness  arc  discussed. 

The  Jamming  of  data  links  is  considered  only  briefly.  Results  of  Jamming 
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voice<oininunicatic:>u  lyitenu  of  comaioo  t>pM  whtra  continuad  d«gndation 
nther  than  tlhrethold  type  of  failure  is  experieoetd  are  shown  to  be  de* 
pendent  on  the  evuive  action  pennitted  the  receiver,  particularly  in  the  FM 
out.  A  valid  measurement  technlqtM  for  the  eetabllshmont  of  JammUns 
effectiveness  in  communications  systems  is  noted. 

At  the  time  of  the  writins  of  Chapter  14,  little  quantitative  information 
was  available  regardlnf  the  «ffectiveneei  of  signals  in  jamming  of  single* 
eideband  and  paeudottndom  communication  links. 

Ir5.15  Radar  Repeaters  astd  Tranapwdare 

The  advent  of  broadband  radio*frequency  ampliflisrs,  such  as  traveling- 
wave  tubes  and  distributed  ampllftera,  and  of  clectronicidly  tuii;ible  oscil¬ 
lators,  such  u  backward, -wave  oecillatora  or  carcinotrons,  haa  made  poecible 
the  development  of  janunlng  systeme  which  are  relatively  sophisticated  in 
comparison  with  brute-foKS  barrage-jamming  equipment.  Theee  sophisticated 
systema  generaiiy  are  designad  to  deceive  the  radar  q>erator  by  producing, 
on  the  rndar  ecope,  falie  tai't^te  or  targets  giving  incorrect  information,  as 
contruted  with  barrage  or  spoi-Jamming  systems,  which  depend  upon  ob- 
Kuration  of  the  radar  scope.  DMsptlon-typo  systems  may  employ  tither 
repeaters  (devices  which  amplify  and  remdlate  th^  radar  slgiulf  adding 
incorrect  information)  or  transpoiiders  (devices  which  produce  similar  effects 
by  means  of  local  tadiiators  and  memory  circuits).  Repeaters  and  trans¬ 
ponders  have  advantages  with  respect  to  brute-force  devices  in  that  their 
power-output  requirements  are  relatively  low;  and  in  many  situations,  decep¬ 
tion  is  achlevtKi  without  betraying  the  fact  that  countermesusures  are  being 
employed.  On  the  other  hand,  barrage  and  spot  jammers  possess  the  advan¬ 
tage  of  universality. 

Analysis  shows  that  the  gain  required  In  a  self-screening  repeater  is 
independent  of  the  range,  and  is,  in  fact,  a  function  of  the  ratio  of  the 
effective  radar  cross  section  to  be  simulated  to  the  capture  area  of  an  iso¬ 
tropic  radiator.  On  the  other  hand,  the  power  requirement  it  in  accord  with 
the  usual  jamming  equation,  arid  it  inversely  proportional  to  the  square  of 
the  range. 

Various  types  of  repeaters  are  described,  including  straight-through  repeat¬ 
ers,  swept  repeaters,  and  gated  repeaters.  Such  repeaters  may  be  used  to 
change  the  apparent  site  of  the  target.  In  the  case  of  the  swept  repeater,  the 
disruption  of  the  operation  of  semi-active  systems  utilising  doppler  shift 
may  be  effected. 

In  addition.-  as  discussed  in  later  sections  of  Chspter  IS,  various  deception 
techniques  can  be  Incorporated  to  produce  false  targets  or  to  generate  false 
range  or  bearing  information. 

Single  frequency  transponders  have  been  used  for  some  time  to  produce 
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falM  target  information  in  a  limited  frequency  range.  Hila  techniqve  haa 
been  extended  to  the  dovelopment  of  aearch-lock-Jam  tran^wndert  coveriiig 
a  broad  band  of  fteqiwneiee,  utilizing  traveling-wave  tubea  and  backward- 
wave  oeclllatori.  In  auch  tranapondera,  a  aweeping  oacillator  atopa  aweeping 
when  it  encountera  the  radar  aignal  and  triggera  on  a  Janunlng  tranamitter 
on  the  aame  frequency.  Such  aearch-Icck-Jam  tranapondera  acan  the  entire 
frequency  band  in  the  period  of  a  alngle  pulM. 

Devicea  for  obtaining  broadband  ampllftcation  are  dtacuaaed,  including 
diatrlbuted  amplifiera  for  low  frequencies  (below  400  Me)  and  traveling- 
wave  tubea  for  microwave  frequencies.  Electronically  tunable  resonant  cir- 
cuita  may  be  uaed  for  the  rapid  tuning  of  oocillatora  In  the  low  frequency 
ranges.  Backward-wave  oacilktora  and  carcinotrons  are  uaeful  in  the  micro- 
wave  range. 

Deception  techniquea  include  falae  target  generation,  employing  atratght- 
through  repeaters  aenaitive  to  minor  lobea  of  the  radar  antenna,  and  gener¬ 
ating  false  targets  of  a  constant  range  but  varying  asimuth.  Another  highly 
effective  deception  technique,  employed  against  tracking  radar,  ia  “range  gate 
pull-off."  Thii  technique  is  implenscnted  1^  means  of  a  r^paatcr  with  fre¬ 
quency  memory,  which  records  the  frequency  of  the  received  signal  and 
reradiates  the  signal  after  a  lapia  of  time,  which  is  successively  and  con¬ 
tinuously  increased  in  order  to  pull  off  the  range  gate  in  the  radar  receiving 
equipment.  Other  repeaters  or  transponders  may  employ  scan-rate  modula¬ 
tion  to  generate  large  error  signals  in  ths  radar  servo  loop.  Bearing  errors 
may  be  introduced  into  lobe  switching  or  conical  scan  radar  tracking  systems 
by  means  of  Inverse  gain  modulation,  which  returns  strong  signals  whe.n 
weak  ones  are  received,  and  vice  versa.  The  velocity  gate  in  active  radar 
<^ystem>  of  the  CW  doppler  type  may  also  be  pulled  m  by  varying  the 
frequency  of  the  return  of  the  .epeater  or  transpon^r. 

1.5, 16  Fuie  and  Communloatlone  Repestera 

The  application  of  repeater-type  jammers  against  radio  doppler  proximity 
fu«ea  and  communication  links  is  discussed.  In  comparison  with  other  fuze 
countermeasures  equipments,  repeaters  have  a  high  potential  against  broad 
classes  of  radio  doppler  fuses.  Simple  repeater  Jammers  have  little  merit 
against  cummunication  links;  however,  variations  from  a  simple  repeater 
may  have  value  at  a  communication  jammer. 

A  brief  theoretical  discussion  Is  ^ven  of  the  single-channel  radio  doppler 
fuze,  including  the  following  types:  CW,  FM,  PD  (pulsed  doppler),  and 
noise.  A  more  general  description  is  given  for  special  fuzes  and  multi-ch&nnel 
fuzes.  A  basic  range  equation  which  relates  the  range  at  which  a  fuze  will 
be  predetonated  to  the  fuze  parameters  and  repeater  jammer  pirameter  is 
given. 
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The  probism  of  obttininf  *uffk:l«nt  iiolction  bctwMn  input  and  output  of 
repcatari  to  prtvant  oiciilation  hac  ltd  to  wldt  ust  of  tlme*aharcd  rtptaters. 
Oiitributtd  ampllfltri,  whan  uatd  at  the  final  ampllfltr  of  auperh^ttrodyne 
tlmt-ihared  receivtn,  alio  lerve  ai  the  tranimit-ftcalve  awitoh.  Ba^  con* 
fifurationi  and  iptcial  problmu  asiociated  with  cuptrhtterodync  time*ihartd 
repeaters  art  discussed.  Tht  iptcial  charaettristies  and  applications  of  Icuig* 
and  short'delay  rtpeaters  are  discussed.  Tht  operation  of  a  superregenera* 
tive  repeater  is  dtecribed,  and  its  ai^licatlon  as  a  fuse  tammer  is  discussed. 
The  usefulness  of  the  luperresenerative  repeater  is  limited  by  the  fact  that 
it  it  impractical  to  maintain  an  artificial  doppler  shift,  and  the  rf  band  which 
can  be  covered  effectively  with  such  a  Jammer  is  very  narrow. 

Care  must  be  taken  in  the  use  of  repeaters  against  volce*communicetlon 
links  since  simple  repeaters  may  actually  augment  the  direct  tra.'umission.  A 
"babblc*of*voicei"  januning  signal  can  be  generated  by  demodulating  the 
communication  signal  then  retransmitting  the  carrier  with  some  new  form  of 
modulation  which  may  be  related  to  the  original  modulation. 

Coded  radio-transmission  links  are  classified  as  asynchronous  or  synchro* 
nous.  The  information  bandwidth  of  aiynchronouii  coded  radio  links,  such  as 
common  teletype,  is  imail,  and  the  spectrum  of  the  transmitted  aignal  is 
comparable  in  bandwidth.  Efficient  Jamnvers  for  thii  type  link  can  be 
produced.  As  the  degree  of  eynchronlsm  is  Increiued,  the  Jamming  probleim 
can  be  made  increasingly  difficult.  Special  fsatures  of  synchronous  systemt 
using  pieudo*noli«  encoding,  which  make  them  suKeptible  to  Jamming,  are 
discussed. 

The  advantage  of  Jammers  with  provisions  for  monitoring  while  Jammlns 
are  dlccusied:  Esamples  of  Jasnnisrs  of  this  type  s.*s  cited. 

I>5cl7  Prsgrammnd  AulomaUo  Jamming  Systems 

The  timeliness  which  is  essential  to  the  effectivenem  of  many  Jamming 
operations  has  created  a  continuing  interest  in  automatic  systems.  Foi  single 
cases,  such  as  Jamming  of  a  specific  type  fuse,  a  repeater  which  responds 
only  to  the  epecifle  type  of  signal  radiated  by  the  fuse  is  all  that  is  involved. 
For  more  complex  cases,  such  as  protection  of  a  strategic  bombing  mission 
that  passes  through  friendly,  early  warning,  area  defense  and  iocid  defense 
zones,  more  elaborat'  programming  is  required.  The  key  to  programming  is 
mode  selection.  Selection  of  mode  of  operation  nuiy  dupend  on  instructions 
fed  into  the  programmer  before  the  mission,  updated  in.structions  communi¬ 
cated  to  the  vehl^'le  carrying  the  Jammer  during  the  mission,  or  current  in- 
forination  based  on  intercept  and  analysis  of  enemy  slgnaLs  during  the  actual 
Jamming  periods.  In  the  example  of  the  strategic  bombing  missions  many 
inputs  and  responses  must  be  accounted  for.  Inputs  may  be:  type  of  radar 
to  be  Jammed,  dlrectior.  of  radar,  frequency,  scan  rate,  pulse  repetition  ire- 
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quency,  «te.  RMponiM  may  be  deslfned  to  deceive  the  rziemy  u  to  the  direc¬ 
tion  or  else  of  the  attack  force  or  to  concetti  the  attack  force  completely. 
Capacity  of  the  mode  Mlector  in  terms  of  numbers  of  input  signals,  instruc¬ 
tions,  ai'kd  decisions  possible  must  be  compatible  with  reliability  and  wuight 
requirements  as  wvil!  as  with  the  type  of  mission.  Geographical  programming 
may  be  used,  based  either  on  [deprogrammed  mission  inirtructlons  or  on  in¬ 
puts  from  a  navigational  system.  This  method  may  provide  weight  and 
simplicity  advantages.  In  all  cases  adequate  attention  mutt  be  given  to  inter¬ 
ference  and  electronic  compatibility  and  to  provision  for  self-testing  of 
components  or  programs  within  the  Jammer, 

1.8.18  ConfusloB  RoSectors 

The  radar  echo  from  a  target  can  be  masked  not  only  by  Janmilag  signals 
but  sho  by  other  echoes.  Such  echoes  are  produced  by  confusion  reflectors 
specifically  designed  for  this  purpose.  TiU  simplest  confusion  reriectort, 
called  chaff,  are  very  fine  foil  strips  cut  to  resonant  lengths.  At  loBijsr  wave¬ 
lengths,  untuned  lengths  of  foil,  called  tope,  are  commonly  used.  In  both 
cases,  the  tchoing  area  is  very  large  in  proportion  to  the  weight  of  material. 
Inde^,  the  baaic  purpose  of  confusion  reilcctcrs  is  to  provide  a  large  echo 
over  a  broad  frequency  band  In  a  compact,  lightwoight  package.  The  de¬ 
signer  of  contusion  reflectors  attempts  to  place  a  tufflcient  number  of  falee 
targets  about  the  real  target  to  render  difllcult  its  radar  idenuilcaiion  and 
tracking.  This  requires  rapid  and  uniform  dispersal  of  the  ip'l^'idual  ele- 
n\ents  after  ejection,  as  well  as  a  slow  rate  of  fall  of  vhe  reeuiilng  cloud.  In 
principle,  the  different  velocity  of  the  rsal  target  permits  the  radar  to  dis¬ 
criminate  against  surrounding  confusion  reflectors.  However,  the  txhnlques 
required  to  perform  the  necessary  dlicriminatlon  limit  the  over-all  per¬ 
formance  of  the  radar.  Only  a  slight  degra^iatfon  of  this  n^rt  imy  strongly 
affect  the  outcome  of  an  engags.m.er<t.  For  example,  a  tracking  radsr  tmy  bw 
forced  to  reacquire  its  target  becaure  cf  the  no!i«llke  lignai  introduced  by 
chaff.  In  an  rngagement  between  high-velocity  vehicles,  the  rosvdting  loss  cf 
guidance  information  may  suffice  to  cause  the  attack  to  fail.  Similarly,  in  a 
search  radar  system,  when  the  number  of  t'trgeU  apprc-richsj  the  available 
rapacity,  the  Introduction  of  added  discrimination  requiretnerits  may  saturate 
the  system. 


leS.19  Target  Masking  and  Modification 

The  echo  from  a  target  is  determined  by  it.i  geometrical  shape  and  by  the 
reflectivity  of  its  surface.  By  controlling  these  factors,  the  radar  visibility 
of  a  target  can  be  reduced  or  Incrr-uted-  In  the  car?  of  real  tsrgcts,  a  redu: 
tion  Is  desired,  while  la  the  case  o<  false  targets,  enhancement  of  the  echo 
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M  icusht.  Shftpe  Itcton  control  the  dlrectlonn!  prci|Mrtiee  of  the  reflected 
■igiutS.  Thus,  «  flat  surface,  large  compared  to  the  wavNength,  concentrates 
the  reflected  enerio’  la  a  narrow  beam;  unless  the  surf  am  Is  exactly  nomtnl 
to  the  incident  signal,  there  is  no  reflection  toward  the  source.  Conversely, 
three  reflecting  planes  at  rlj^t  angles  reflect  the  incident  energ:'  back  tewaH 
the  source.  These  two  types  of  surfaces  respecth'ely  reduce  and  enhance  the 
radar  visibility  over  a  wide  range  of  aqMet  angles.  Absorbent  coatings  can 
be  made  effective  over  a  limited  band  of  frequencies  and  angles  of  Incidence. 
In  general,  the  wider  the  range  of  performance,  the  bulkier  the  matsrial 
becomes.  The  extent  to  which  the  ccuntcrmeosuree  dstigner  can  control 
shape  and  surface  parameters  is  usually  limited.  This  ia  particularly  true  in 
the  case  of  airframes.  Howtver,  for  ground  targets,  very  effective  tranaftwiiW' 
tions  of  the  radar  icenety  have  been  achieved. 

1.5.20  Decoye 

Vn  effective  defense  must  tend  weapons  against  all  targets  that  are  threats. 
When  the  number  of  threatening  targets  exceeds  the  suoply  of  weapons,  then 
the  excess  cannot  be  engaged  at  all.  The  aim  of  decoys  is  to  provide  enough 
false  targets  interspersed  with  the  real  ones  to  saturate  the  defenM  in 
this  manner.  The  key  to  the  decoy  problem  is  evidently  the  discrimination 
between  true  and  fd«e  targets  which  can  be  exercised  by  the  defense  within 
the  lime  and  .space  limits  of  the  engagement.  Accordingly,  the  decoy  designer 
attempts  to  make  discrimination  difficult  by  closely  simulating  the  radkr  and 
infrared  characteristics  of  the  real  target.  Since  the  decoy  must  be  sut^tan- 
tia’ily  less  costly  than  the  real  target,  only  the  critical  characteristics  can  be 
truated.  Even  with  this  limitation,  the  coat  of  a  flock  of  decoya  e.'xpended  in 
one  engagement  may  be  high.  Against  this  cost  must  be  balanced  the  cost  of 
other  protective  measures.  The  pcs.'ibility  of  improvements  in  radar  dis* 
crimination  must  also  be  consider^,  since  a  tingle  change  in  radar  technique 
might  unnwsk  the  decoys  and  render  them  useiest.  The  interplay  of  thes*' 
factors  gives  the  decoy  problem  broad  scope  in  countermeasures,  even 
though  its  practical  application  has  been  lltnlt^.  To  illustrate  the  many  fac¬ 
tors  Involved,  the  problem  of  dKoyg  for  heavy  bombers  is  considered  in 
Chapter  30.  The  ground  defense,  bomber,  and  deco;^'  characteristics  ali  enter 
this  study. 

1.5.21  CliaracteritUee  of  Infrared  Radiation 

Infrared  refers  to  the  portion  of  the  electromagnetic  spectrum  lying  be¬ 
tween  the  visible  and  short-waveiength  microwaves.  Since  all  objects  at  a 
temperature  above  absolute  tero  emJt  infrared  radiation  to  some  extent, 
in.iny  objects  of  mititary  importance  are  unavoidably  good  infrared  targets. 
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This  wavelength  region  from  1.3  to  7  mlcrotu  is  at  present  the  tn(»t  Im¬ 
portant  from  the  militaiy  standpoint. 

Some  of  the  advantagea  of  infrared  over  microwaves  follow.  (1)  Much 
greater  resolution  can  be  obtained  with  infrared  devices,  vdxich  use  very 
much  smaller  “i^sertures”  than  microwave  devices  do.  (3)  Many  Infrared 
systems  are  passive.  (3)  In  an  active  system  (s.f.,  communications),  the 
energy  cannot  be  intercepted  by  th.  enemy  without  getting  directly  in  the 
beam.  (4)  The  electronic  circuits  are  usually  simpler  and  cheaper  than  thoae 
in  microwave  devices. 

Some  disadvantages  of  infrared  as  compared  to  microwaves  follow.  (1) 
Clouds  and  water  vapor  greatly  reduce  ths  effectlvenees  of  Infrared  systems. 
(3)  Background  radiation,  particularly  in  dayli|d>t,  la  often  troublesome. 
(3)  Infrared  sources  and  detectors  cannot  be  "tuned'’  as  shaiply  u  micro- 
wave  devices.  (4)  Passive  infrared  lyiteme  do  not  give  range  Information. 

Detectors  which  have  found  the  ^dest  application  among  military  infra¬ 
red  devices  are  the  high-sensitivity,  short-time-constant  photoconductors 
such  as  lead  sulfide,  lead  tellurlde,  and  indium  antimonide.  Thermal  detec¬ 
tors  such  as  bolometers  and  thermopllea  are  used  leu  frequently  in  militaiy 
applications,  especially  In  tha  short-wavelength  regions,  bscc.use  of  their 
relatively  slow  response  and,  frequently,  low  sensitivity. 

The  chief  military  uses  of  infrared  are  in  tracking,  i<i  mapping,  and  in 
communicatiens.  Tracking  devices  have  Icund  wide  application  in  air-to-slr 
and  surface-to-air  rniulle  systems.  These  pautve  dcvlcM  track  the  radiation 
from  aircraft  engines.  A  number  of  infrar^  scanning  devices  have  also  been 
developed  for  obtaining  high-resolution  maps  of  ground  inst  .tions.  Infra- 
mid  strip  maps  can  be  used  to  identify  objects  which  cannot  be  identified 

frnirt 
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1^5.22  Infrared  Countermeaeurea  Teclmlques 

Most  military  infrared  devices  are  passive  in  that  no  active  source  is 
required  to  illuminate  a  potential  target.  Three  devices  operate  solely  on 
radi»iion  which  originates  from  their  intended  target.  Bccauu  of  this,  prac¬ 
tically  all  Infrared  countermeasures  are  baaed  on  two  basic  concepts;  these 
are  the  concept  of  a  false  target  and  the  concept  of  tuppreuing  radiation 
from  potential  targets.  Considerable  study  has  l^n  devoted  to  the  use  of 
decoys  ns  falsa  targets  against  air-to-air  inluiles  attacking  subsonic  jet  air- 
emit.  The  decoy  in  Its  most  common  form  consists  of  a  pyrotechnic  flare 
similar  to  these  which  have  been  used  for  illumination  and  identification  pur¬ 
poses.  Those  factors  which  are  Important  In  designing  and  using  a  Rare  properly 
include  infrared  intensity  ratio  between  flare  and  aircraft,  flare  trajectory 
with  respect  to  the  flare-dkpensing  aircraft,  characteristics  of  the  miuile 
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M«k«r,  and  the  mliaSIe  fuldance  criterion.  Decoys  misSit  be  used  more  ei> 
fectively  if  they  are  used  In  conjunction  with  some  form  cl  radiation  reduc¬ 
tion.  Shielding  and  cooling  of  jet  enginec  cun  be  used  tc  alter  the  radiation 
pattern  of  aircraft  such  that  the  none  in  which  theM  aircraft  can  be  tracked 
by  infrared  seekers  is  reduced.  Infrared  sngagemsst  rrarsisg  systenu  can  be 
used  to  detect  rocket  radiation  of  air-to-air  misailei.  When  a  kunch  is  de¬ 
tected,  countermeasures  can  be  Initiated.  Such  warning  systems  do  not  have 
the  capability  of  indicating  whether  the  missile  is  an  infrared  or  radar- 
guided  weapon. 

Decoy  radiatiosj  sources  and  camouflage  techtiiquea  could  conccivabiy  be 
used  to  protect  ground  installsMcn:.  However,  the  moat  effective  means  lor 
the  protection  of  ground  insiallatlona  appears  to  be  the  use  of  screening 
a^nts  such  as  sm<^S3  composed  of  plastic  particles.  Principal  probleins  in¬ 
clude  producing  a  lufllclent  quantity  of  smoke  to  protect  a  Urge  area,  the 
settling  rate  of  the  particlee,  ai^  the  toxicity  of  the  matei'ial  vised. 

1-S.S3  Undervfnter  Aerastie  ClotmtemeMurac 

Chapter  23  describes  the  bask  concepts  of  underwater  acoustic  counter- 
meaiures,  including  system  description  and  design  requirements  The  ocean 
presents  a  very  poor  environment  for  the  propagation  of  electromagsieUc 
waves;  therefore,  underwater  communication  and  deteeMon  must  rely  on 
other  fnms  of  ener^  pr^iagution.  Acoustic  energy  U  most  commonly  used, 
both  in  the  tonic  and  ultrasonic  frequency  ranges.  The  word  “sonar”  is  used 
to  desetibe,  !r»  general,  the  detection  end  tracking  of  underwater  targets, 
whether  by  passive  listening  or  tiutively  trsiumitting  pulses. 

The  general  functions  rf  intercept,  jimming  or  masking,  and  deception 
are  discussed,  and  th^  special  prob'emi  essocUted  with  surface  ship  and 
submarines  are  considered.  Nonacoustic  methods  of  detection  are  currently 
unable  to  detect  a  submerged  submarine,  although  i  osearch  efforts  which 
may  prove  effective  are  being  made.  The  modern  tubmariiw  U  eusutialSy  .t 
tn;e  submenible;  thus,  acoustics  provide  the  only  ready  approach  to  detect¬ 
ing  and  destroying  submarines.  Submarines,  therefore,  should  be  primarily 
capable  of  countering  acoustic  detection  and  attack. 

The  submarine  platform  is  used  as  the  basis  for  developing  a  counter- 
measure  system  and  showing  the  relationships  of  the  subeystems.  A  func¬ 
tionally  Integrated  system  is  docribed  whkh  performs  the  functions  of 
Intercept,  signal  anaijrsis  and  display,  tracking  of  noisy  targets,  and  auto¬ 
matic  control  of  both  mounted  and  expendable  jammers. 

Design  requirements  for  interception,  jamming,  deception,  and  vehicles 
are  given,  The  basic  difference  between  an  intercept  receiver  and  a  passive 
sonar  is  that  the  former  is  designed  to  intercept  deliberately  transmitted 
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lignalf,  whercM  tht  !ttter  ia  decignad.  to  dct<3ct  nol««  ehips  nudce  In  transit¬ 
ing  the  3«u.  Specie!  problenu  eseocteted  with  the  deeign  of  ptssive  sonar 
■yitenu  are  dUcussod.  Rsquiremests  based  on  system  operatitig  parametera 
arc  given. 

The  reiatlve  merits  of  nutking  and  Jamming  are  givra.  Design  requlire- 
ments  for  Jammers  are  discuseeiJ  in  relation  to  the  system-opemting  para¬ 
meters.  Speciflc  Jammers  are  described  and  examples  of  jamming  effective¬ 
ness  against  sonar  are  given. 

The  genera!  battle  sitvation  in  which  the  need  for  deception  devices  arises 
is  described,  and  decoys  which  knay  be  used  to  simulate  a  submarine  are 
diKUSsed.  Januners  used  in  protecting  either  submarines  or  surface  ships 
may  be  mounted  on  towed  or  e^qsendable-type  vehicles.  The  requlremenia 
for  such  vehicles  are  considerably  different  for  the  two  platforms.  Tha  re¬ 
quirements  and  design  c(  these  vehicles  are  discussed. 

1>S:24  Cirealte 

Chapter  24  is  a  coinpendlum  on  circuit  techniques,  techniques  which  may 
be  applied  to  devices  in  many  fields  betides  of  countermeasures.  Linear 
video  amplifiers  are  described  with  empliult  on  the  time  or  transient  re¬ 
sponse  of  these  amplifiers  to  a  square-wave  input.  How  rise  times,  constder- 
sbiy  ahoftiir  ufan  . '  ^  sbUlnabls  with  vidao  amplifiers,  c«ii  be  obtained 
with  additive  ampiiiiert  (such  as  distributed  amplifiers  and  split-band  ampli¬ 
fiers)  Is  al£o  discussed. 

A  section  on  filter  amplifiers  trssts  the  subject  from  the  standpoint  of 
frequency  response.  In  many  systems,  Utere  is  a  requirement  fer  producing 
a  signal  gain  over  a  band  and  for  rejection  of  signals  outside  of  this  band. 
As  examples,  i-f  amplifiers,  with  and  without  staggered  tuning,  are  discussed. 
The  effects  of  single  and  double-tuned  interstage  networks  are  also  described. 

The  general  characteristics  of  passive  frequency-selective  filters  are  de- 
scribed  briefly.  There  is  a  siknllar  section  on  time-domain  or  correlation 
filters.  Other  circuits  briefly  discussed  include  amplitude  limiters,  super- 
regenerative  circuits,  and  iocklng-in  oscillators. 

1.5.25  Mechanically  Tuned  High-Power  Oscillators  and  Ampli¬ 
fiers 

Historically  the  development  of  new  applications  of  electronics  in  war¬ 
fare,  other  tlun  countermeasures,  has  gone  hand  in  hand  with  the  develop¬ 
ment  of  nrsr  devices  for  power  generotion,  modulation,  tuning,  rf  switching, 
etc.  For  example,  radar  development  was  made  p09slble  and  hes  continued 
with  development  of  high -power,  pulse-modulated  tubes;  high-power  modu¬ 
lator  tubes;  gaseoui  TR  tubes;  ferrite  Lsolators  circulators;  and  antenna 
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twitching  elements.  Requirements  end  the  value  ef  countertnetsures  equip- 
ment  to  destroy  or  mi^miae  the  elTectiv6T«ai  of  fsd«r  were  defin.ebU  ei: 
riuUr  cheracterUtlci;  end  limltationi  become  known.  Thus,  ths  general 
cherecterlitiu  of  devices  useful  in  the  countermeesures  sppllcetlon  beve  been 
defined  end  are  well  known.  Some  of  these  ere:  brotd  bandwidth,  high  cw 
power,  wide  tuning  rsrige,  rapid  tuning,  high  eificiency,  end  tusceptibity  to 
«  variety  of  moduietiona.  It  U  cha'actcristic  of  countermeuures-devlce  de¬ 
velopment!  that  they  have  been  “forced”  in  reaction  to  the  development  of 
target  equipment.  This  has  led  to  much  use  of  state  of  the  art  development 
and  relatively  rapid  obwlescencs. 

Chiq)teni  25  through  28  cover  the  background  and  present  picture  of 
device  development. 

The  first  dgnificant  serleii  of  developments  beginning  during  World  War 
II  and  centered  around  more  or  lets  conventional  mechanically  tuned  triodes, 
tetrodes,  magnetrons,  and  klystrons.  The  magnetron  by  virtuo  of  its  basic 
iilf^  efficiency  and  high  power  capability  has  been  a  jd  still  is  widely  used 
in  the  microwave  region.  Below  ICOO  Me,  tetrodes  have  been  a  strong  com¬ 
petitor.  The  klystron  has  suffered  primarily  because  of  the  interrelated 
relatively  low  emciency,  tunability,  and  bandwidth  problems.  AccNiory 
equipment  such  as  modulators,  filament  control,  focusing  magnets,  and  mag¬ 
netic  supplies  have  been  the  source  of  many  difficult  problems  primarily 
associate  with  sise  and  weight  of  equipn'.ent. 

Developtncnt  of  counter-countermeasures  such  as  frequency-diversity  radar 
has  limited  ihe  applicability  of  mechanically  tuned  devices  and  stimulated 
the  development  of  direct  generation  of  noise  for  barrage-type  jamming 
and  electronically  tuned  device*  diicusied  in  tho  following  sections. 

1.5>26  0-Type  Microwave  Tubes 

The  invention  of  the  traveling-wave-tube  amplifier  with  its  basic  broad¬ 
band  characteristics  was  the  beginning  of  a  series  of  developments  capitalis¬ 
ing  on  the  basic  principles  of  interaction  with  traveling  waves  in  both 
nonre-entrant  and  re-entrant  structures.  Design  of  beam-forming  electron 
gur4,  magnetic  focusing,  and  slew-wave  stiuctures  have  progressed  together 
to  improve  noiea  characteristics  for  receiving  spplicatlons  and  power  and 
efficiency  charac  'istics  for  trar.sm!ttlrig  applications, 

The  discovery  ,  d  applicatimi  of  tuickward-wave  Interaction  led  to  another 
important  feature,  electronic  tuning,  orders  of  magnitude  faster  than  was 
possible  mechanically. 

This  type  of  tube,  classified  the  0-type  tube,  includes  all  traveling-wave 
types,  and  amplifiers  and  oscillators  not  having  a  magnetic  field  perpen¬ 
dicular  to  the  fiow  of  electrons.  0-type  tubes  find  their  must  significant  ap- 
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plication  In  receivers.  As  powcr-transciiliing  tubes  they  tuffer  from  low 
efAclency,  generally  less  th^  30%  for  iorward-wave  structures  and  of  the 
order  of  10%  for  bechward-wave  electronically  tunable  structures.  Back- 
rsrd-wave  oscillators  have  generat(  1  frequen  its  \xp  to  100,000  Me  at  ntiili* 
watt  power  ievsh,  Several  hundret'  atts  hnve  bem  achieved  at  S^band. 


1.5*2?  CroeaMi'ileld  Microwave  TubM 

Probably  the  most  signlflcant  single  factor  since  World  War  II  In  the 
developrnent  of  potential  for  Jamming  capability  has  besn  the  inersase  in  ths 
versatility  of  crossed  electric*  and  magnetic-C^ld  microwave  power  generators 
and  amplifiers.  The  mechsnicaliy  tuned  magnetron  which  hiu  been  basic  to 
most  microwave  Jamming  lyitema  U  notable  for  ita  high  efflclcncy  and  rela¬ 
tively  high  power  capabilities.  However,  it  does  not  provide  all  that  ths 
designer  requires  in  flexibility  when  one  considers  m^ulation,  tunabllity, 
bandwidth  and  amplifier tion  requirements.  The  so-called  Af-type  backward- 
wavs  oiclllatcrs  and  amplifiers  (M  for  magnetic),  Bitermitroni,  voltage- 
tunable  magnetronfc  and,  more  recently,  croascd-fleid  forward-wave  ampllAers 
have  done  much  to  remove  these  limitations. 

With  the  high-powet  backward-wave  osdllaton,  200  to  400  watte  can 
be  obtained  at  any  frequency  from  200  Me  up  to  11,000  Me  at  20%  to  40% 
efficiency.  Tuning  ranges  of  30%  to  50%  are  possible.  Radiated  noise  band- 
widths  up  to  25%  of  the  operating  frequency  ars  possible.  Power  outputs  in 
excess  of  1000  watts  are  available  below  3000  Me;  10  kw  has  besn  obtained 
in  the  200-  to  400*Mc  ranges. 

With  a  Bitermftron  (backward-wave  amplifier)  and  oeclllator  driver,  com¬ 
bination  power  outputs  in  sxccm  cf  1000  watts  have  been  obtained  in  the 
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high  power  levels,  tl  BUtrmltron  is  more  precisely  descrlE>cd  as  a  locked 
oscillator  than  as  an  amplifltr.  At  low  power  levels,  with  the  tube  acting  as 
a  superregenerative  amplifier,  gains  from  50  to  70  db  have  been  obtained  at 
5-band.  Stability  In  this  msda  of  t  peration  requires  careful  attention  to  the 
design  of  accessory  circuitry. 

The  voltage-tunable  magnetron  has  simplicity  as  Its  great  virtue.  It  is 
inherently  low  power  and  low  efficiency  for  tuning  ranges  simitar  to  those 
of  backward-wuve  oscillators  but  has  many  applications  as  a  local  oscil¬ 
lator  or  driver  in  ECM  systems.  When  it  Is  associated  with  a  power  travel¬ 
ing-wave  tube,  very  flexible  Jamming-system  design  is  pouible  since  it  can 
provide  driving  powera  of  1  to  2  watts  tuned  over  a  2:1  frequency  range. 

If  the  tuning  range  is  restricted  to  10-15%,  50  to  100  watts  of  output 
power  Is  achievable  at  greater  than  30%  efllcirncy.  Above  6000  Me,  the 
power  output  Is  restricted  to  the  milliwatt  level  in  the  present  state  o'  the 
art. 
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Future  developments  promise  higher  po^n  tnd  slightly  increased  eMcicn- 
else  (or  all  of  these  tubes  combined  with  the  attractive  featurei'  of  wide 
bandwidth  and  electronic  tuning  rangs> 

1.5<28  FerrlasagnetiCf  Gaeeoae  Ekietronlet  utd  F«nro«le«trie 
DwvleM 

Ferroelectric,  ferrite,  and  gaseous  electronic  devices  seem  to  be  unrelated. 
However,  at  (requenciee  below  SOC  to  1000  Me,  ferroelectric  and  ferrite 
do*'ices  exhibit  analogous  dlelMtric  and  magnetic  nonlinearities  applicable  to 
electronic  tunltig,  modulation,  and  other  parametric  ai^licatl(»is.  At  fre¬ 
quencies  above  these  valun,  ferrite  and  gaseous  electrize  deviesa  in  the 
presence  of  a  magnetic  Held  exhibit  analogous  magnetic  and  dMectrlc  ten¬ 
sors,  ctependeht  on  the  applied  magnetic  field,  leading  to  nonreciprocal  wave 
propagation,  variable  phasw  shift,  wave  swit^ng,  variable  attenuation,  and 
dkilectiic  breakdown.  These  phenomena  find  n»ny  potmtlal  applkatfoni  in 
countermeajuree  equipment. 

The  control  of  propertiee  of  ferroelectric  and  ferrite  cersmlcs,  aa  well  u 
gaseous  electronic  medle,  is  relatively  dlflicuit  to  achieve.  Certain  Inherent 
properties,  such  as  temperature  and  frequency  eeneitlvity,  also  Croats  prob¬ 
lems.  However,  much  progreee  hat  been  made  in  the  application  of  theec 
devicei  to  tuning  of  searcli  rccelveri,  antenna  switching,  nuxlulation,  broad¬ 
band  isolation,  amplitude  regulation,  and  limiting  phaee-shift  control  and 
polarisation  rotation.  Continuing  effort  will  mature  these  applicatione  and 
dlKover  more. 

1.5.29  Anumnaa 

The  impedance  and  radiation  propertiee  of  antennas  ere  copsldered  in 
general;  and  in  detail  (or  the  countermeasures  appUcstion.  The  input  im¬ 
pedance  of  the  antenna  is  expressed  in  terms  of  the  voltage  standing-wave 
ratio.  The  radiation  pattsrn  is  a  two-dimensional  plot  of  the  variation  oi 
antenna  response  as  the  antenna  it  rotated  about  a  spocifted  axis.  The  power 
gain  of  an  entenne  is  defined  m  the  ratio  of  the  power  delivered  by  the 
itntenna  to  the  power  which  would  be  delivered  by  an  Isotropic  antenna 
located  at  the  same  point  in  the  incident  field.  (An  isotropic  antenna  is  an 
idealised,  and  fictitious,  antenna  whose  radiation  pattern  ic  a  circle  for  any 
orientation  of  the  axis  ol'  the  pattern.)  The  directive  gain  of  an  antenna  is 
deAned  in  the  same  fashion  as  the  power  gain  except  that  the  antenna  Is 
assumed  to  be  free  of  losses,  it  is  useful  to  refer  to  the  aperture,  jmetimes 
called  the  collecting  aperture,  or  receiving  cross  .section  of  an  antenna,  and 
to  deAne  effective  gain  and  effective  aperture  as  the  values  observed  when 
the  load  is  mismatcheti  by  some  known  amount.  Aperture  efAciency  is  the 
ratio  of  the  aperture  of  an  antenna  to  its  physical  cross  section. 
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Bandwidth  conilderitioni  particularly  Important  for  ECM  applications 
art  discussed.  !t  is  shown  that  every  radiating  device  is  a  hi|^-pass  ttnic* 
turs  and  that,  the  higher  the  Q  of  an  antenna,  the  more  dif^ult  it  is  to 
match  over  a  wide  band.  The  Jamming  equation  is  stated,  and  the  effect  of 
the  gain  parameters  in  this  equation  is  dlKussed  with  particular  reference 
to  the  development  of  optimum  Jamming  antenna  patterns.  Examples  are 
l^ven  of  optimum  patterns  for  various  situations.  Similar  treatment  is  given 
to  optimum  intercept  antenna  patterns. 

Typical  ECM  antenna  daeigni  are  doecribed,  including  tlMtric  dlpoloa, 
magnetic  dipolM,  helical  and  spiral  anteunoa,  iogarithmleally  periodic  anten<^ 
noi,  horn  antennos;  r^Iector>type  antennas,  surface-wave  antennas,  and 
antennas  for  direction  finding;  and  their  VSWR  and  pattern  characterbtks 
are  discussed.  Siting  problems  are  reviewed  in  a  gcnei^U  fashion. 

Ii5.80  SapplemMotory  ClreulU  and  Teehalqnea 

In  Chapter  JO,  an  associated  group  of  technique!,  which  are  of  special 
value  in  the  design  of  countermeoiurH  equipmeni,  ore  described.  The  main 
subheodlnp  of  the  chapter  are  Receiver  Circuit!,  Analyser  Circuits,  Trans¬ 
mitter  Circuits,  and  Recording  Techniques. 

Under  each  subhoading  a  brief  discusden  is  given  of  special  requirements 
placed  on  countermeasure  equipments,  and  ipecifle  techniques  for  hartdling 
some  of  the  requirements  are  described.  Circuit  diagrams  or  block  diagrams 
art  shown  for  ail  techniques  discussed.  All  discussions  are  based  on  con¬ 
cepts  and  techniques  which  have  been  demonstrated  with  working  models 
of  equipments. 

1<5.81  Propofatlon 

Aspects  of  propagation  which  are  oi  most  direct  cciicem  in  electronic 
countermeuures,  and  particularly  in  radtr  countermeasures,  are  considered 
in  Chapter  31.  Since  the  pro>agation  chan^cteristics  of  the  transmission  path 
affect  toth  active  countermeasaree  (powe’.‘  jamming  and  deceptive  Jamming), 
and  passive  countermeasures  (detection,  location,  and  detailed  sigfi.'U  anaiy- 
cis),  attention  is  given  to  both  of  these  functions,  in  addition  to  the  propaga¬ 
tion  question  in  general. 

In  the  case  o(  ilne-of-sight  propagation,  the  freO’ipace  propagation  equa¬ 
tion,  given  in  Chiqjter  31,  is  affected  by  molecular  absorption,  ionospheric 
dispersion,  tropospheric  refraction,  Ionospheric  absorption,  tropospheric  dis¬ 
persion,  ionospheric  refraction,  and  polarisation.  In  tue  abMnce  of  any  of 
these  effects,  a  sample  Agure  of  157-db  attenuation  applies  to  transmission 
at  a  frequency  of  100,000  Me  over  a  distance  of  over  10  miles;  at  10.000  Me, 
over  a  distance  c.f  over  100  miles;  at  1000  Me,  over  a  distance  of  1000 
mites,  or  at  100  Me,  over  ii  distance  of  10,000  miles.  Thus,  other  things 
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being  equal,  frci-^tace  propagation  favort  the  lower  frequenciea.  Molecular 
abeorption  modiflof  thia  aasnple  result  considerably.  The  principal  gaseous 
molecular  absorption  bands  exist  at  frequenciea  of  22  kMc  (H|0),  60  kMc 
(Oi),  119  kMc  (Qt)  and  170  kMc  (HrO).  Because  of  such  molecular  ab> 
sorption,  the  losses  in  the  tnnemlsslon  path  may  be  increased  by  unex¬ 
pectedly  large  values.  For  example,  vertical  transmission  to  a  heij^t  of  10 
miles  at  60  kMc  may  be  subject  to  an  sddlilotud  100  db  of  loss  due  to 
oxygen  abeorption.  A  tangent  ray  traveling  to  a  height  of  ^00  miles  may 
experience  abeorption  as  high  as  4600  db  at  60  kMc. 

lonoepheric  abeoiptfon  in  the  can  of  a  radio  wave  propagating  througj:) 
the  ionosphere  has  a  negligible  effect  at  frequencies  tbove  30  Me.  Tropo" 
spheric  dispersion  also  has  a  smtli  effect.  In  comparison  with  the  absorption 
suffered  over  a  given  path.  Phase  distortion  is  encountered  due  to  ionoqrheric 
dispersion.  However,  it  is  found  that  ridativciy  narrow  pulse  widths  can  be 
transmitted  through  the  ionosphere  without  exceesive  distortion.  For  exair.pie, 
the  minimum  pulse  rddth  at  ICOO  Me  Is  0.3  ^tec;  and  at  5C00  Me,  0.02 
/isec.  Accordingly,  ionospheric  dispersion  Is  not  usually  a  serious  problem. 

In  Hne-of-sight  propagation,  variations  In  the  Index  of  refraction  of  the 
atmosphere  cause  small  changes  in  direction  of  sriival,  which,  bowrver,  may 
result  in  destructive  interference.  Tropo^herk  refraction,  where  strong 
itratifleation  of  the  atmosphere  exists  (ducting),  reeults  in  strong  downward 
bending  of  rays  within  Him  of  sight  and  angles  of  arrival  hl^r  than  would 
be  the  case  under  standard  conditions.  Similar  downward  bending  is  caused 
by  ionospheric  refraction,  even  when  the  frequency  Is  sufAciently  high  to 
penetrate  the  ionosphere.  Changes  ir  polarisation,  when  transmitting  through 
the  ionosphere,  may  also  affect  the  line-cf-slght  case. 

Transhorison  propagation  .may  result  from  the  ph’^nomenon  of  refrat.live 
bending.  In  addition,  there  are  other  mechanisms  such  as  diffraction,  scat¬ 
tering,  and  reflections  from  meteor  trails  and  auroras  which  help  circumvent 
the  limitations  of  the  horiaon.  Tropospheric  refraction  resulting  from  tem¬ 
perature  inversions  and  strong  vertical  itumidity  gradients  may  permit  trans¬ 
mission  far  beyond  the  horison.  Signal  levels  in  a  duct  may  average  around 
the  free-space  love!  appropriate  to  the  distance  covered  when  well  beyond 
the  horizon.  Ionospheric  refraction  and  refiectiun  are  effective  at  horizon  dis¬ 
tances  generally  below  iOO  Me.  Tropospheric  scattering  effects  result  in 
exienued  transmission  beyond  the  horizon.  A  useful,  though  not  exact,  rule 
of  thumb  for  estimating  signal  levels  at  frequencies  in  the  general  region  of 
several  hundred  or  a  few  thousand  megacycles  is  to  consider  the  lignals  at 
too  miles  to  be  60  db  below  the  free-spr.ee  value,  and  to  be  decreasing  si 
0.17  db  per  mile.  Tropospheric  scattering  also  has  the  effect  of  spreading 
the  power  over  n  range  of  angles  1“  or  2“  in  extent. 
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S.I  Tb«  DavtlopBMnt  of  'ConaUenMOMnrof  Tlurcni^  TerM  !? 

3.1.1  TIm  Ifiriy  Dajri  of  aiootjriMiie  W«^ 

Elactronk  wtrftira  wm  flnct  employtd  u  ^  prtUminuy  to  th«  B«tU«  of 
Jutknd.  In  the  dsys  preceding  3t  May  1916,  the  Admiral  of  the  Fleet,  Sir 
Henry  Jackaon,  ^mployad  evklcDce  of  coastal  radio  direction  finders  under 
Admiralty  supervision  to  detect  movement  of  the  Oerman  fleet.  The  Ghangas 
in  the  apparent  directions  of  arriva!  of  radio  signals  from  the  enemy  fleet 
were  very  slight,  but  Sir  Henry  dared  to  move  the  opposing  British  fleet  on 
the  basis  of  this  information.  An  interesting  related  fact  is  that  the  British 
hf>d  the  code  books  rKovered  when  the  Oerman  light  cruiser  Msgdtbuei 
rcn  agrouiid  along  the  coast  of  the  Russian  Biack  Saa  two  years  earlier; 
hence  the  damage  inflicted  by  the  Britiab  wns  no  secret  as  the  Battle  of 
Jutland  developed,  aiacc  the  Admiralty  was  able  to  decode  the  German 
radio  messages. 

The  British  Admiralty  and  the  U.  S.  Navy  later  worked  together  as  a 
scientific  team,  even  before  27  June  1940  idien  the  National  Defense  Re¬ 
search  Committee  was  formaliy  established  in  tne  United  States.  The  Navy, 
as  well  as  the  other  Srrvicce,  has  continued  to  bo  active  in  the  ECM  effort, 
to  this  day.  During  World  Wor  II  the  N&vy  effort  was  centered  at  the  Naval 
Research  Laboratory  in  Washington,  where  In-house  roscarch  wiss  carried 
on  by  the  NRL  staff,  irhis  Naval  Laboratory  served  to  fill  the  Navy’s  urgent 
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fiMt  raquirecMats  until  the  SsinMdiatt  thrant  could  bo  Mutralilifd  and  eotft* 
mercial  talent  could  be  brought  into  pky  to  (urniih  the  production  quantitioe 
of  the  equipmente  needed. 

Similarly,  effort  in  the  ECM  field  on  the  part  of  the  U.  S.  Army,  by  the 
Signal  Corpa,  provided  the  ground-baaed  and  airbofsa  U.  S.  Army  Air  Corp§ 
equipments.  Direction-finding  (DF)  techniques  in  the  hf  band  had  already 
bean  developed  to  give  satisfactory  perfornunca  prior  to  World  War  II. 
Ground-basad  end  airborne  direction  finders  ware  developed  by  the  U.  S. 
Army  Air  Corpe.  When  experiments  showed  radar  to  be  a  practical  device, 
D?  techniques  ware  extended  upward  in  frequency,  and  soma  preliminary 
thought  was  given  to  methods  for  neutralising  radar  technology. 

HUtory  of  ECU  dwring  tkt  BaitU  of  Brtialn,  The  forerunner  of  ECM 
was  ths  jamming  and  deceptive  tactics  of  the  British  against  the  navigational 
ayitems  of  the  Germans  early  in  World  Wsr  II.  In  June  1940;  the  Germans 
estebllshed  an  extensive  Mries  of  short-wave  stations  (200  ho  to  900  Me)  in 
northern  France.  Thoee  stations  were  beamed  over  London.  An  aircraft 
equipped  with  a  loop  anteifUia  couid  get  on  any  one  of  these  beams  and  fcn- 
low  it  directly  over  London.  HUs  quite  successful  navigational  aid  was 
known  as  Lorom. 

After  a  great  amount  of  study,  the  British  countered  with  a  system  they 
called  Meoconing.  Combinations  of  receiver  and  tranaimitter,  separated  by  5 
to  10  milee,  were  eetablUbed.  A  British  rKtiver  picked  up  the  navigational 
beams  from  a  German  transmitter  and  N»t  the  signal  by  land  lines  to  a 
British  trans'.ifiitter.  German  planes  attempting  to  get  bsarhip  then  received 
signals  from  the  original  (Oermsn)  transmitter  and  the  British  transmitter 
or  masking  beacon  (meacon)  and  obtained  eithsr  no  bearing  or  the  wrong 
bearing.  On  aeveral  occasloiu  German  planes  became  completely  lost  and 
landed  on  British  air  fields. 

Than  the  Osrmana  used  two  intercommunicating  transmitters  on  the 
French  coast,  and  s.hile  one  transmitted  dots  the  other  transmitted 
dashes,  on  parcliel  beams.  When  the  plane  was  on  the  course  between  the 
beams  it  received  a  steady  tone  In  ita  receiver,  t^'hen  off  to  one  side,  it  re¬ 
ceived  either  dots  or  dashes.  The  steady  tone  waa  0.5*  wide.  Using  this 
system,  the  Germans  were  able  to  determine  their  position  over  London 
within  900  yards.  This  Knkhbein  was  called  Headache  by  the  British,  who 
countered  vrith  a  system  called  Aspirin,  n  receiving-transmitter  Mtup  work¬ 
ing  on  the  tsme  principle  as  Meaconing,  This  system  simply  retransmitted 
the  German  beams  on  to  a  new  location. 

About  September  1940,  the  navigational  war  really  got  down  to  business. 
The  Germans  initiated  the  use  of  Ruffian,  a  propaganda  project  which  oper¬ 
ated  or.  70  Me.  The  propaganda  was  used  to  conceal  a  directional  purpose, 
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■nd  it  fooUd  Um  Britiah  for  « long  tima.  Shortly  before  a  raid  ms  acbedulad, 
thU  iMTopagandfl  beam  coctinuad  broadcaating  but  waa  narsfowed  do^  to 
5%  and  thia,  called  the  pilot  beam,  waa  the  beam  that  the  formationa  foL 
lowed  over  the  tarfet.  In  addition,  they  had  a  awcond  3*  beam  which  croeaed 
the  pilot  beam  at  predetermined  pointa.  A  clocking  device,  vdikh  gave  the 
plane’a  fround  ipe^,  waa  turntd  on  when  the  plane  croaeed  the  pilot  beam. 
Then,  according  to  Ua  air  apeed,  after  the  plane  croaeed  the  aecond  beam, 
the  bombardier  dropped  hia  bomba  at  certain  poiata  or  time  intervala.  The 
method  uaed  in  obtaining  aurh  a  narrow  bearawidth  hu  never  been  deter* 
mined. 

The  Eritlah  counter  for  JRufflati  wu  BrotniSs,  Again,  the  Meaconing  idea 
waa  uaed  on  a  different  frequancy.  The  Britiah  i  abroadicaet  the  narrow  pikn 
beam  with  a  nondhectlona!  antenna,  making  the  beam  tuelcaa  for  naviption. 
They  abo  uaed  directional  antennas  to  rebroadcaat  bean»  acroaa  the  pilot 
beam  in  auch  a  manner  that  enemy  bomb  loada  would  be  drqjped  In  the 
English  Channel.  During  this  period,  newspapers  carried  the  story  that  the 
l*omhcn  dropped  their  loads  in  the  Channei  t^use  they  were  running  from 
the  iiritlsh  Spitfires,  lliis  was  a  security  measure  taken  to  keep  the  Oer- 
stans  from  reaiislnf  the  effectivenets  of  British  countermeasures,  Ruffitn 
Wits  used  by  the  Germans  ueti!  January  1941. 

The  third  phase  of  the  navigational  war  brought  out  still  another  com* 
plicated  German  system  called  BnUto.  The  Btnito  consisted  of  a  45*Mc 
beam,  frequency  modulated.  This  again  was  the  pilot  beam  with  the  London 
area  as  the  target.  The  lead  plane  in  a  formation  wu  equipped  with  a  ttans* 
mitter.  The  plasie  flying  down  the  beam  received  and  retrensmitted  the 
modulated  signal  back  to  the  ground  station.  By  meuurlngi  the  phase  dif* 
ferenco  between  the  transmitted  signal  and  the  received  signal,  the  ground 
station  could  inform  the  plane  by  radio  of  its  exact  distant}  from  London. 
After  a  period  during  which  London  was  heavily  bombed,  the  British  coun* 
tered  with  the  Domino,  They  again  rebrcadcut  the  German  beam  with  a 
nondirectlonal  antenna.  As  a  variation,  the  British  rebroedcMt  the  German 
beam  so  that  it  would  «{^ar  as  if  the  planes  were  far  from  London,  or  past 
London,  Another  variation  which  vexed  ike  German  pilots  very  much  wu  a 
German  speaking  voice  coming  in  on  German  receivers,  giving  them  wrong 
directions.  This  yoke,  originating  ii«  an  English  station,  often  led  the  German 
bombers  to  land  at  British  airperts.  Benito  wu  used  by  the  Germans  until 
about  June  of  1941. 

It  seemed  that  the  Germans  had  exhausted  their  power  to  build  ntw 
navigational  aids,  but  they  still  managed  to  devise  new  methods  for  using  the 
old  systems.  The  Germans  equipped  one  squadron  (KO-IOC)  with  all  their 
available  navigational  aids  and  uted  the  various  types  alternately.  The  KG* 
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too  dro]^»e(!  InccadLirtM  og  Loedoo,  zaakiBS  It  poKlbls  for  bombint  pltMs 
which  fdliowad  th«n  In  to  drop  thotr  loodf  oa  Uw  flroi,  Tbo  BrlUih  cooattrtd 
with,  falM  fires  Nt  up  outside  of  Lood<»  In  the  peth  of  the  edvaoclni  bomber. 
TheM  fires  were  piles  of  wsste  which  were  prepared  ia  advance.  The  false 
fires  were  called  Starfish.  After  the  Grrmans  droj^Md  their  iacMMHariet; 
several  Starfish  would  be  ignited.  The  bombers,  seeing  the  Starfish  first, 
would  drop  their  b(Mnb  loads  on  them,  tanking  them  the  target.  When  the 
British  first  used  Starfish,  as  many  as  95  perseet  of  the  bombs  were  dropped 
on  these  false  targets,  ^^n  the  Germans  reelised  the  ruse,  they  dropped 
tli*ir  'Kxnbs  on  the  second  area  of  fires.  Again  Starfish  was  UMd,  but  on  the 
other  side  pf  the  dty,  so  that  tbs  second  fire  wu  not  the  target.  The  results 
wert  a  dHtilor  M  droppings  of  the  Germans’  bomb  loads.  About  30  percent 
of  the  bofflbi  we.  >'«ii  usually  dropped  on  Starfish. 

Several  Imporitni  rf^UeidsIc  to  ECM  were  learned  In  this  naviga¬ 
tional  phase  of  the  war.  In  tl^  first  place,  the  Oennans  carried  on  their 
experiments  in  range  of  the  Brilieh  monitors,  or  tried  out  new  systeme  In 
advance  on  a  small  scale.  As  a  result.  Britain  had  a  big  advantags  in  time 
for  devsloplcg  countermsasuret.  The  Osrmani  also  ist  ^9  their  beams  early 
In  the  afternoons,  giving  the  ErltisL  opportunity  to  fiy  down  the  beams  and 
determine  the  targets  to  be  bombed  that  ni|ht. 

L/iypn  Cempsfgsf.  British  Jamming  of  the  radio  chan-wla  began  in  the 
Libyan  campaign,  starting  18  November  1941.  The  British  had  cot  uied 
Jamming  pr^  to  this  time  because  of  their  fear  of  retaliation  by  Germany. 
The  communications  channel  Jammed  was  the  German  tank  radio  on  37  to 
3S,5  Me.  To  carry  out  the  jamming,  Wellington  bombers  were  cqulpoed 
with  SO-watt  transmitters  covering  the  frequency  range.  The  frequent  of 
each  tran^ntlUed  signal  was  modulated  to  prevent  giving  a  steady  tone,  A 
special  antenna  was  made  which  could  be  towed  by  the  bomber  and  which 
was  about  S  inches  in  diameter  and  about  9  feet  long.  The  Jamming  operation 
was  very  succeesful.  Stations  more  than  2  miles  apart  were  unable  to  com¬ 
municate  with  each  other.  Those  close;  together  than  2  miles  had  very  er¬ 
ratic  operation.  The  Jamming  equipment  consisted  of  an  oscillator  fed  to  a 
power  amplifier.  The  frequency  was  varied  by  nMchanlcally  rotating  ons 
slement  tif  a  condenser  in  the  oscilistor  circuit.  The  British  n^lected  to 
provide  fighter  protection  for  their  jamming  planes,  and  u  a  result,  the 
Jamming  was  soon  interrupted. 

British  Jamming  of  German  SSV  Equipment,  The  Mxt  operational  Jam¬ 
ming  was  dene  against  the  German  SSV  (Shore-to-Surface  Veiisel)  located 
off  the  French  coast.  Each  time  the  British  brought  a  convoy  through  the 
English  Channel,  German  radar-controlled  gu:is  would  fire  on  the  convoy. 
The  British  set  up  land-lMsed  jammers  acro.<M  the  channel  and  Jammed  this 
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I  ndMT  •ffactively.  Some  LmpofUat  facts  reUtive  to  ECM  came  out  at  this 
j  time.  The  Gtraiaiie  had  dl  their  squipment  cm  apprmdmatriy  the  same 
fraqueiicy,  thus  making  it  easy  to  Jun.  The  first  time  the  British  Jammed, 
I  the  Germane  turned  their  radar,  thereby  divulglnf  that  Jamming  tRss 
j  effective.  Later,  the  Germans  staggered  the  frequencies  used,  making  Jam* 
’  irJng  more  dlfAcuIt.  The  Germans  started  Jamming  in  February  194S  and 
eventually  built  a  jammer  for  every  English  radar  unit,  including  g>un  laying. 

2.1«i  lieitlnl  United  Sieteie  Efforts  In  Eloetroiiic  WaHarm  Dtirhag 
World  War  n 

1  In  an  effort  to  supplement  the  already  overburdened  Array  and  Navy  re< 
search  programs,  OSRD,  the  Office  of  ^entifle  Research  and  Development, 
was  setablished  by  executive  order  in  Juno  1941.  It  contained  S  major 
I  branches,  of  which  one,  NDRC,  was  in  turn  divided  into  19  divisions.  Ad¬ 
ministrative  functions  liaison  with  the  Army  and  Navy  west  performed 
by  thg  headquarters  of  OSRD. 

OSRD  was  founded  for  the  purpose  of  carrying  on  research  in  support  of 
the  Army  end  Navy  on  an  emergency  basit.  It  was  provided  with  its  own 
funds  for  financing  research  contracts  with  universities  and  industrial  organ¬ 
isations  throughout  the  country  to  fuIAII  the  urgent  wartime  requirements 
of  the  Army  and  Navy. 

3<2,S>1  Nalloiud  Defense  Reseeureh  Coaunlttee  (NDRC) 

NDRC  wu  the  branch  of  OSRD  which  was  concern^  prindpally  with 
the  physical  sdencss,  and  it  was  within  the  structure  of  NDRC  that  the 
OSRD  countermeasures  program  was  carried  out.  Each  of  the  19  "divisions’’ 
of  NDRC  was  headed  by  a  committee.  The  Division  IS  Committee,  under 
Dr.  C.  G.  Suits,  administered  the  countermessures  program.  Division  IS  con¬ 
tained  levtral  major  subdlvisioris,  including  an  office  at  Scheuectady,  New 
York,  responsible  for  tube  contracts  with  various  manufacturers;  an  office 
In  New  York  City,  which  administered  contracts  for  countermeasures;  end 
an  office  in  Cambridge,  Massachusetts,  responslbls  for  the  administration  of 
contracts  in  the  Boston  area,  including  thvs  contract  under  which  RRL,  the 
Radio  Resesreb  Laboratory  at  Harvard  University,  was  operated. 

2. 1.2.2  CiSordlnotiMi  of  the  Program 

The  Army  and  Navy  coordinated  ECM  program  was  carried  out  by 
NDRC  ip  cooperation  with  the  various  laboratories  and  bureaus  of  the 
Armed  Services.  Chief  among  the  tgenciei  representing  the  Services  were  the 
Aircraft  Radio  Laboratory  at  Wright  Field,  Ohio,  the  Navsl  Research  Labo¬ 
ratory,  the  Office  of  the  Chief  cf  Naval  Cperationi,  the  Bureau  cf  Ships, 
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the  Bureau  of  AeronauUca,  the  OfAce  of  the  Chief  SIgmkI  Ofheeri  and  the 
Signal  Corpa  Engineering  Laboratories  at  Fort  Monmouth,  New  Jersey. 
Each  of  the  service  laboratories  involved  had  its  independent  program  of 
research  and  development,  but  coordination  among  lat»ratoriee  was  main¬ 
tained.  For  example,  one  of  the  Services  mlj^t  express  an  operational  rt> 
quirement  for  a  particular  type  of  equipment.  The  initial  Investigation  might 
be  carried  on  solely  by  NDRC  or  by  one  of  its  laboratories  is  ct^Iaboration 
with  the  operating  Service.  Later,  development  and  procurement  would  be 
handled  by  the  S^ice  involved.  In  general,  the  operational  need  for  par¬ 
ticular  development  was  established  and  expressed  by  the  Service  on  an 
Informal  basis,  usually  in  meetings  attended  by  the  personnel  of  the  various 
labcratcriea  and  agendas  concerned. 

2.1.8.8  Radio  Reeaat«h  Laboratory 

Worh  in  the  fte’d  of  radar  countermeasures  was  atartsd  prior  to  the 
establishment  of  the  Division  IS  orgenixation  when,  in  1942,  a  small  group 
was  set  up  in  Dividen  14’i  Radiatiou  Laboratory  at  M.I.T.  under  the  direc¬ 
tion  of  Dr.  F.  E.  Terman,  for  the  purpose  of  developing  Jammers  to  use 
against  enemy  radar  and  also  of  developing  antijamming  devicea  for  incor¬ 
poration  in  our  own  radar. 

The  gnr,eral  problem  involved  was  the  development  of  meatu  whereby  the 
effectiveness  of  ths  enemy’s  radar  equipment  might  be  nullifled.  It  became 
evident  in  tlie  early  days  of  the  war  that  radar  wu  not  only  g  very  uMfuI 
weapon  but  that  it  was  useful  both  for  ourselvi»  and  for  Uie  enemy.  It  was 
also  evident  that  it  was  a  very  vulnerable  weap'^n,  Cii  the  one  hand  it  ap¬ 
peared  prudent  to  take  stepe  to  make  this  weapon  as  ueelees  to  the  enemy 
M  possible  in  case  he  should  attempt  to  use  it  against  us,  and  on  the  ether 
hand  it  seemed  practically  essentia!  to  do  something  about  the  \  ulnsrabillty 
of  our  own  radar  in  case  the  enemy  should  attempt  to  Jam  ua. 

It  soon  became  clear  that  the  radar  countermeasures  program  vu  much 
too  extensive  to  be  carried  on  as  a  part  of  radar  development  activities. 
Steps  were  accordingly  taksn  soon  after  the  establishment  of  the  radar 
countermeasures  group  to  move  it  to  Harvard,  where  it  was  established  as 
the  Radio  Research  Laboratory,  operated  excIusiW'ely  for  Division  IS  of 
NDRC  by  Harvard  University  under  the  direction  of  Dr.  Terman.  During 
its  approximately  iyi  years  of  existence,  Radio  Research  Laboratory  grew 
to  a  peak  strength,  In  August  1944,  with  some  SIO  persons. 

2.1.8  IttiUal  Tsetleal  Applleationa 

Following  the  Issuance,  in  July  1941,  of  a  Presidential  order  to  the  U.  S. 
Navy  to  attack  all  enemy  submarines,  the  Navy  established  a  complex  of 
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shore  DF  sUtiora  with  tho  technical  ueittance  of  the  NRL.  The  succewful 
“Wolf  Pack”  tutici  develq)ed  by  the  Qermani  for  the  esq^ioltatloa  of  their 
ettecks  on  convoyi  required  that  high*frequenc>'  comtnunicaticni  be  eni° 
ployed  In  nuking  a  rendesvoiu  for  the  pack.  The  DAJ  hf  direction*finding 
equipment  was  guided  into  production  by  NRL  engineers  and  formed  the 
backbone  of  the  Navy’s  shore  DF  program.  This  aquipment  was  produced 
by  the  Bureau  of  Ships  in  large  quantities,  based  on  improved  NRL  designs. 
A  ^ipboard  counterpart  of  the  shore>based  D7  was  also  produced.  Im* 
provements  in  the  m^l  DAQ  equipment  were  worked  cut  jointly  with  the 
British,  and  a  program  was  also  initiated  to  train  personnel  to  Install  and 
operate  this  new  equipment  for  the  Navy.  Unquestionably,  those  equipments, 
developed  jointly  by  the  Admiralty  and  NRL,  and  produced  a^rately, 
spelled  the  doom  of  t'ae  “Wolf  Pack”  tactics  the  Oermnn  submarines,  even 
though  their  transmlssioM  grew  shorter  and  shorter  as  time  went  on.  The 
initial  location  of  the  enemy  lubmarlne  was  the  most  Important  phase  of  the 
antisubmarine  waiSre  success  achieved  by  the  Navy.  Sonar  and  radar  were 
brought  into  play  for  the  kill,  but  the  oceans  are  large  and  the  small  siumber 
of  antisubmarine  \.arfare  unite  urgently  needed  clues  on  where  to  hunt. 
These  clues  were  always  provided  by  the  bf  DF  operators. 

The  use  of  jamming  during  the  cacape  of  the  German  warshipa  Sekamhorst 
and  Ctuittnau  was  perhaps  the  first  serious  indication  of  the  importance  of 
countermeuures  in  the  naval  warfare  picture.  General  Martini,  the  Luft¬ 
waffe’s  Director  of  Communications,  lud  completed  a  series  of  jamming 
exarcisec  which,  when  directed  at  the  British  ridars  at  dawn  each  day,  had 
resembled  atmoephcric  Interference.  The  length  of  jamming  was  increased 
each  day  until  by  11  February  1942  the  British  radar  operators  were 
thoroughly  accustomed  to  this  particular  type  of  interference,  which  they 
reported  normally  u  caused  by  atmospheric  conditions.  This  cleverly  exe¬ 
cuted  plan  covered  the  escape  of  the  two  German  warships  up  the  Channel 
from  Brest. 

Later,  Geinum  production  jammers  were  employed  extensively  to  ring  the 
Mediterranean.  Allied  shipborne  metric  radars  had  their  scopes  completely 
Jammed  from  the  time  they  entered  the  Mediterranean  until  they  left.  Ger¬ 
man  jammers  passed  the  Allied  ships  from  one  CM  group  to  another,  keep¬ 
ing  the  vessels  constantly  under  the  devastating  effects  of  the  metric  jammers. 

The  Germans  also  demonstrated  their  ability  to  take  the  offensive  in 
ECId  when  they  intercepted  and  took  control  of  a  group  of  U.S.  radio-con¬ 
trolled  boats  also  in  the  Mediterranean.  On  this  occasion  the  boats  were 
■ent  in  tight  circles;  thus  expending  their  fuel  harmlessly.  It  was  a  dis¬ 
heartening  experience  for  the  Navy  to  encounter  such  proficient  employment 
of  electronic  warfare  by  the  Germans. 


Fn.  2>1.  Otrauh  Ofawt  Wunlxirs. 

on  a  12S-MC  let,  the  Prtya,  for  early  warv'ig.  the  Initial  days  of  our 
bombing  efforU  against  Germany,  losses  m  extremely  high  due  to  thne 
enemy  weapons. 

The  Arst  report  oi  German  use  of  radar  was  In  1941.  Electronic  recon- 
nalissnce  Alghu  indicated  that  the  Germans  were  using  ladar  to  guide  their 
anti-aircraft  defenses.  Eventually,  photographic  coverage  was  focused  on  an 
installation  on  the  French  coast  at  the  town  of  Bruneval  on  the  English 
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f.L4  The  Radher  Ch>imternMaau£<M  Plrdble^ 

When  bombinf  raids  over  Gamtany  were  started,  the  astent  of  the  German 
radar  development  was  immediately  rflaiiaad.  Not  ooly  ware  there  eassny 
interceptor  airpjanss  equipped  with  airborne  radar  capable  ot  locating  our 
bombers  through  the  heaviest  overcast,  or  at  night,  at  distancce  to  10 
milaa,  but  also  the  dams  flng  antiairciraft  Are  into  which  our  airplanes  ran 
wu  fotud  to  be  dlrsctod  ^  a  very  ^active  I'-band  gun-laying  kscwn 
as  the  SmtU  Wmbm-g,  A  similar  (SOO  Me)  radar,  the  Crk^  (sec 

Figure  2-1)  was  used  by  the  Germans  for  fithtsr  contre!,  am!  tb^  d^tendad 
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Channel  coaet  oppodte  Esi^nd.  Tltis  radar  watched  the  coastal  thipplni  In 
the  Channal.  Ths  Garcuuiz  also  coupled  the  Giant  Wurabwi  radar  with 
aoma  loac>raiifc  coastal  battarlas  which  wtra  affectlvtdy  scoring  many  hits 
on  tte  channel  shipping.  This  was  o!  the  first  more  modern  radars  since 
it  combined  fire  control  with  its  search  fusetkp..  Its  entssna  was  a  SS-ioot- 
diameter  parabolic  raSsetor  which  operated  at  a  frequency  of  $70  Me.  The 
British  were  indeed  worried  about  this  radar  and  the  rapid  appearance  of 
the  other  similar  radars.  In  February  1942  they  decided  to  move  in  against 
ths  radar  at  Brunsval.  A  very  carefully  planned  commando  raid  was  organ- 
I  ised  by  the  British.  The  risk  was  great  and  the  possibility  of  tuccsss  was 

I  hi^y  queetkmable.  The  British  succeeded  in  capturing  the  receiver,  parts 

1  of  the  indicator,  and  other  vital  portions  oi  this  Wursburg.  These  units  of 
I  ths  radar  ware  sst  iq>  in  England  and  carefully  studied.  As  a  result,  the 

i  British  were  able  to  examine  critkaliy  their  jamming  effectivsnese  by  n^ng 

I  the  performance  of  their  equipmac^t  against  this  practical  mcck-iq)  of  the 

I  Qermes  Wursbu-rg  radar. 

i  Tin  problems  invdved  In  developing  effective  countermeasures  which 
could  be  tn>Iied  igainst  this  enemy  radar  equipment  were  not  as  simple  as 
th^  might  leem  on  the  surface.  In  the  firit  place,  there  iras  or  assurance 
that  enemy  radar  dcvalq;)ment  would  stop  with  the  existing  equipment.  On 
ths  contrsiy,  it  was  expected  that,  as  in  this  country,  Germany  would  pro¬ 
ceed  with  radar  dsvelqjtnent  activities  in  an  effort  to  improve  the  defisltlon 
and  performance  of  their  equipment.  In  general,  such  improvements  could 
come  about  only  through  an  expansion  of  ths  frequency  range.  It  wai  there¬ 
fore  probable  that  it  would  be  necessary  to  develop  jamming  equipment  for 
use  aiainst  enemy  radar  equipment  operating  at  much  higher  frequencies 
than  those  which  had  been  detected  already.  The  only  safe  way  to  cope  with 
tine  eitustioa  was  to  develop  jamming  equlpimnt  capable  of  being  tuned  to 
>  any  conceivable  frequency  which  ths  enemy  might  employ. 

I  Second,  although  vacuum  tubes,  which  had  been  developed  for  use  in 
•  radar  seti,  srere  capable  of  providing  large  power  outputs  at  Ugh  (requenciee 
in  pulses  Luting  n  few  microeoconde,  radar  jamming  techciquei  required  a 
different  approsch.  A  radar  jamming  signal  must  be  emitted  continuously; 
if  it  is  not,  Uio  "pip"  which  reveals  to  the  enemy  the  location,  on  his  radar 
scope,  of  our  plsuss  will  shew  through  in  the  intervals  between  jamming 
signals.  The  development  of  new  tubes  sru  therefore  required. 

Third,  it  was  not  enough  merely  to  develop  jamming  transmitters.  In  order 
to  operate  them  successfully,  it  wu  necetury  to  know  the  locatioii  and  the 
frequency  of  the  enemy  radar  set,  so  that  the  jamming  system  might  be 
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proporly  tuntd,  turned  on  at  the  proper  time,  and  in  lomc  caaee,  pointed 
in  the  right  direction. 

That  the  development  of  a  lucccuiul  radar  countcnneatures  program 
would  involve  eateneive  effort  along  a  number  of  linea  wae,  theref^e,  quite 
evident.  Aa  Anally  eetablithed,  it  was  planned  that  a  ctunplete  line  of  jam* 
ming  transmittere,  reoeiveri,  and  direction  finders  would  be  developed  to 
cover  the  entire  known  or  powible  radar  spectrum.  The  tiae  of  the  job  in* 
volved  in  implementing  this  program  may  t)e  judged  by  the  fact  that,  vdien 
it  was  initiated,  even  the  fundanrental  techniques  of  generating  radio-fre* 
quency  energy  at  the  frequenciee  involved  were  imperfectly  kssown.  Following 
the  development  of  the  new  typee  of  vacuum  tubee  required  for  this  purpose, 
it  wu  necessary  to  build  not  one,  but  doaens,  of  types  of  equipment,  each 
one  capable  of  covering  a  small  p^rt  of  the  radio  spectrum. 

2.1.4.1  VacisuBs  Tnbee 

The  tube  problem  was  solved  in  a  number  of  ingenious  ways.  It  was 
discovered  that  the  nMgnetron,  invented  by  Dr.  A.  W.  Hull  in  1931,  was 
an  efficient  generator  of  high-frequency  energy  in  the  microwa'/e  region.  At 
once,  activity  etartsd  which  resulted  in  (he  development  of  a  great  diversity 
of  magnetrons  suitable  initially  for  use  in  radar  sets,  but  later  adapted  to 
radar  countermesiutca.  Division  IS  placed  contracts  with  various  contractors 
for  the  develcpnient  of  a  complete  line  of  CW  tubes  capable  of  covering  th? 
radar  spectrum  at  various  power  levels,  Later,  these  tubes  were  incorporated 
in  100-wstt  Jamming  transmitters. 

The  tube  program  included  the  development  of  a  line  of  split  anode  CW 
magnetrons  designed  for  a  nominai  power  cutout  of  150  watts  in  the  fre¬ 
quency  range  from  90  to  1200  Me.  Successful  experimental  models  of  these 
tubes  were  completed,  .ind  they  formed  the  bails  of  certain  jamming  treiM- 
mitters  which  were  developed  at  RRL,  such  as  the  AN/APT'4  and  TDY  and 
TDY-1  equipments,  later  placed  in  procurement.  Typical  split-anode  CW 
magnetrons  received  the  type  numbers  ZP590,  ZPS79,  and  ZP584  (General 
Electric  Company).  Another  tube  program  contemplated  the  development  of 
a  line  of  i-kw  CW  magnetrons  for  frequency  rangee  above  1000  Me.  A  few 
lamplet  of  those  tubes  were  produced,  but  the  majority  never  passed  beyond 
the  development  stage  in  the  tube  laboratories. 

Another  program  for  developing  low-power  J-band  CW  magnetrons  was 
undertaken.  One  of  these  tubes,  the  QK44  (Raytheon)  wai>  used  in  the 
5-bsnd  RRL  F-SlOO  jamming;  transmitter,  which  was  completed  Just  prior 
to  the  end  of  the  war  and  was  the  forerunner  of  trie  AN/ALT-8  and  AN/ 
AFT- 16  Jamming  equipments  later  produced. 

Tubes  of  the  so-calied  “conventional"  type,  but  adapted  to  operate  in  the 
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mlcixmave  r«fion  redueiaf  the  ^Mwlap  the  elemeeta  to  olmmt 

mlcKW^e  dlmMsaio&a,  were  develi^sed  by  leverel  tube  compenles.  Tbeie 
tubes  were  celled  “Uihtbouie*’  or  “oilcan*’  tubes  on  account  oj  the  similarity 
ot  their  appeeranec  to  the  objects  named.  They  tumjd  out  to  b»  very  useful 
in  both  transmlttinf  and  recelvinf  appiSciJtions  where  lower  power  was 
required. 

Another  tube  extensively  used  in  receivers  on  account  of  its  wide  tuning 
range  was  the  reflex  klystron  oeclllator.  With  the  use  of  tubes  of  this  typSt 
a  line  of  search  receivers  was  developed  whkh,  at  the  end  of  the  war,  was 
capable  of  covering  practically  the  entire  radar  spectrum.  And  Anally,  tha 
“resofitroR,**  which  waa  capable  of  CW  power  outputs  of  the  order  of  75  kw 
at  a  frequency  of  500  Me  was  developed  and  later  built  into  a  mobile  Jam* 
minp  transmitter  (“Tuba”)  in  seven  Army  trucks,  which  was  usad  for  a 
faw  weeks  near  tha  and  of  ^e  war  to  clear  a  path  for  British  bombers  flying 
across  the  English  Channel. 

8«lt4>i  Aateiuiae 

llie  antenna  problem  wsa  difllcult.  Transmitters  and  receivers  alone  were 
uieloefi  without  antennas.  And,  at  the  frequencies  employed,  conventiona] 
antasMMS  were  not  satisfactory.  An  antenna  research  program  wu  under- 
taken,  as  a  result  of  whicJi  the  conventional  “wire**  and  “whip”  antennas  of 
ndk>  brocdcasting  speedily  shrank  down  into  “stube’’  6  to  50  inches  long, 
adapted  to  radiete  the  extremely  high  frequency  energy  with  maximum 
eflMeocy.  At  still  higher  frequenciei  the  stube  devel(g>ed  vertical  slits  along 
thefr  li^  and  became  “split  cans”  and  “slots.”  In  the  microwave  rsfion 
it  war  poesible  to  dispense  with  antennas  entirely  in  the  conventional  sense 
and  spray  the  energy  out  of  a  horn. 

Aa  part  of  the  antenna  development  ptogram,  extensive  antennai;>attsrn 
measurements  wure  made  by  The  Ohio  State  Unlveiilty  Research  Founda¬ 
tion.  This  work  also  included  mcaiurements  of  the  echoing  patterns  of  model 
aircraft.  The  problem  of  vkf  and  whf  antennas  war  studied  with  particular 
emphasis  on  nwans  for  reducing  pattern  distortion  due  to  the  characterlstice 
of  the  aircraft.  The  result  of  this  research  was  the  “Stiugaree,”  a  relatively 
broadband  doublet  antenna  which  wu  designed  to  be  trailed  behind  the 
aircraft  using  a  coaxial  fitted  cable  aa  a  tow  line,  and  which  was  thus  re¬ 
moved  from  the  immediate  vicinity  of  the  aircraft. 

2,1. 4.3  Window 

One  of  the  most  successful  jamming  expedient's  wu  “window”  or  “chaff,” 
the  code  came  applied  to  the  use  of  tuned  aluminum  fci°  stirips  which, 
thrown  out  in  Urge  bundles  from  our  bombers,  created  a  “radar  smoke 
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•crMB”  In  the  ieop«»  of  eaenjiy  ndara  and  eom^jletriy  maaked  the  bomberi 
from  radar  detection  by  the  enemy.  Chaff  was  used  quite  Murly  la  tha  war 
by  the  British,  who  employed  Sat,  covered  metal  cards  prteted  with  |«ropa> 
ganda  msssaps  to  maA  the  rmd  purpose  of  the  material.  In  its  orii^al 
form,  chaff  was  cumbersome  and  h^vy;  coosequentSy,  the  prindpai  ob^* 
tive  of  the  wartime  chaff  research  grotqM  wes  to  mfine  this  entnu^y  effec* 
tive  "confusion’*  technique  by  redudng  the  dlmttwioes  of  the  str^M  and 
iuniiig  them  to  thif  enemy  radar  frequencies.  All  of  the  early  dmff  imi 
actually  cut  with  sdiiori  by  squadron  parsonasl,  from  sheets  fdl  in  the 
field.  Larfi  quantities  of  tlM  improved  dull!  were  used,  both  is  ^  European 
theatro  and  in  the  Pacific,  with  great  success  in  comldnatlon  with  dectronk 


Fio.  SI-1.  DiiptutUif  chaff. 

jamming  (ue  Figure  3^3).  Ultimately,  icm«  20,000  tons  of  chaff  wars  pro< 
duccid. 

The  Luftwaffe  in  de^ratlon  thre/r  roughly  4000  engiReers  into  the  broach 
to  solve  the  antijamming  and  window  problem  that  vnu  plaguing  Its  radars. 
This  effort  represented  roughly  90%  of  their  uhf  mgineers.  In  the  United 
State!  only  about  one-tenth  this  number  were  tngagsd  in  ikvel^ing  counter¬ 
measures  against  radar.  Finally,  the  Luftwaffe  announced  a  public  competi¬ 
tion  with  prices  totaling  700,000  Reidimarks  (free  of  all  taxes)  for  the  best 
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fcltstbs  to  tbs  probltm  of  wlcdow.  In  tlieir  nuh  to  sove  the  Wurcburp,  the 
Gertnam  were  dietnctad  from  the  development  of  inkroweve  radiur  which 
WM  already  beinp  e9q;>Iolted  by  the  Alllee. 

Teste  of  the  completed  chAfl  nMterial  under  operational  condiUons  eoon 
diecloeid  that  nteaas  would  be  required  for  ite  automatic  and  hm&ogtnaoui 
eJectioB.  Dlipcnaeti  were  idtlmat^y  developed  which,  in  conJuiKtion  with 
pure  foil  Aluminum  etripe,  wore  able  to  eject  laife  quantitiee  of  chaff  is  a 
ebort  period  of  time  without  *<blrd  nesting"— the  gatherinf  oi  the  material 
into  dumps. 

Tbs  low-frequency  radars  used  by  the  Japanese  required  a  window  tech¬ 
nique  different  from  that  employed  ’n  the  European  theatre.  In  the  iOO- 
200-Me  range,  chaff  bundles  becaeie  long  and  bulhy  and  difficult  to  handle. 
This  led  to  the  devdopnimt  of  a  type  of  radar  reflector  known  as  “eopt," 
which  consiated  of  400-foot  let^ths  of  thin  aluminum  tape  yi  inch  wide. 

In  the  ht|^-frsqiwncy  ra^,  "comer  reflectors,"  known  as  "angels,"  were 
worked  on  but  found  ineffeetivt. 

3.1>4>4  World  War  II  Dtrae^on  Finders 

A  number  of  types  cf  direction  finders  wars  developed  as  a  part  of  the 
World  War  II  ECM  program,  then  known  as  the  "RCM”  pre^am.  One,  a 
homing  system  for  use  In  fighter  planes  was  known  as  the  AN/APA-4C 
equlpnne&t.  This  equipment,  which  was  being  placed  in  service  when  the  war 
ended,  wu  to  have  l^n  used  to  locate  Japaaeia  radar-equipped  "Snooper" 
plenea,  which  made  a  practice  of  t'aeking  our  task  forcae  from  a  diitance 
just  outside  the  range  of  U.  S.  ship  radars. 

A  simple  direction-finding  system,  known  as  the  AN/APA-24,  using 
dipots  antenna  elejnents,  was  developed  for  the  lower  frequency  ranges.  This 
system  covered  a  fisquency  range  from  70  to  400  Me,  wu  provided  with  a 
series  of  plug-in  interchangeable  heads,  and  was  designed  fc^  mountli^  on 
aircraft  such  as  the  PBM.  The  APA-24  was  a  null-type  device,  which  re¬ 
quired  manual  adjustment  to  determine  tLc  direction  of  a  receiv^  signal. 

A  mors  complste  system,  in  a  different  frequency  range,  capable  of  simul¬ 
taneously  locating  a  number  of  signals  without  manual  adjustmsirit,  was  the 
AN/APA-i7  rotatlng-rellMtor  direction  finder.  By  tbs  end  of  the  war,  heads 
for  this  equipment  had  been  developed  which  permitted  it  to  operate  over 
the  frequency  range  from  2C0  to  10,0C0  Me. 

The  shiplwme  counterpart  of  Um  AN/APA-17  was  the  DBM  direction 
finder.  This  equipment  covered  a  frequency  range  from  ISO  to  5,000  Me, 
using  two  heads,  and  extension  of  the  range  to  10,000  Me  for  elrtK»rne  appli¬ 
cations  was  undertaken.  Subeequently,  a  4000-10,000-Mc  head  wu  de¬ 
veloped  by  NRL. 
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Tits  SArgMt  ptrt  of  the  ECM  program  in  the  Signal  Corpe  waa  centered 
in  the  Radio  Direction  Finding  Branch  st  Eatontown  Signal  Laboratory 
(ESL),  Fort  Monmouth,  New  Jerety.  Here,  direction  findere  ludt  as  Hm 
AN/TRD>S,  a  V-T  fuse  Jammer  locater,  covering  60>300  Me,  and  the  AN/ 
Mi/TKD-lO,  and  AN/TRC>3  communicatioRS  DF  systems  wm 
develop^.  The  AN/PRD>1  covering  SCO  kc  to  30  Me  waa  tiM  moot  ad” 
vancad  portable  lo(q)  direction  finder.  The  AN/TRD>2  was  the  first  instan* 
taneous  visual  DF,  This  coveired  the  frc;iuency  range  1..1>18  Me  and  used  the 
3C*342  receiver. 

2.1..4.S  Tael  Equlpaamt 

In  the  interest  of  assuring  that  equipment  delivered  to  the  field  would  be 
properly  used,  the  d3\'e!9pment  program  included  a  number  of  projects  for 
the  de^opment  of  test  equipment.  Among  equipments  vHiich  were  com" 
pleted  in  the  laboratory  and  turned  over  to  manufacturers  for  production 
were  the  BC-12S5A  heterodyne>type  frequency  mater  for  the  kiw<fraquency 
Jamming  transmitters  Dina  and  Mandrel;  the  TS>92/AP  alignment  indicator 
for  Dina,  the  TS-47/APR  teat  oacillator  for  the  AN/APR-1  and  AN/APR-4 
receivers;  and  the  TS- IS  1/APT  traumltter  output  ladicator.  E^cauM  of 
production  delays,  many  of  thsae  equipments  were  not  actually  deUvarad 
until  lata  In  the  war. 

2.1.4.6  Antljamndag 

R'gtreeentatlve  typea  of  U.  5.  radar  wera  Ht  up  at  RRL,  NRL,  and  ESL 
for  making  itudlet  of  vulnerability  of  particular  t3rpes  of  tttdar.  This  pro¬ 
gram  resultad  in  the  production  of  a  number  of  tralniiis  aids,  reports  and 
teebnkai  manuals,  motion  pkturei,  training  slgmii  generators,  and  training 
jammers,  which  were  used  to  carry  out  demoeitratioM  of  countermeasures 
at  Army  and  Navy  operating  sltec  and  training  scbooli,  Sevtral  antijanuning 
devices  for  Incorporation  in  standard  radar  equipment  were  also  d^ioped 
and  made  available  for  use. 

2.1.4.7  Worid  War  II  T?iisenilttera  and  Syeraaae 

In  the  last  analysis,  all  of  the  work  of  the  World  War  I!  couatermeasuras 
program  was  aim^  at  making  it  possible  to  use  active  or  paMivc  Jsmjsiiig 
agsirat  the  enemy.  The  passive  jamming  phase  of  this  objective  has  already 
been  considered  briefly  in  Section  2. 1.4.3. 

In  considering  the  active  jamming  quMtion,  many  difficullies  arose. 
There  was,  prinwirily,  the  question  of  tuning  the  jammer  to  the  frequency 
of  the  device  being  jammed.  This  required  the  use  of  search  receivers, 
preferably  of  the  rapid-scan  or  wide-open  type.  Tuning  of  the  trans- 
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mitter  wsa  thca  necctutry.  The  deilgn  of  the  traoRnitier  itielf  wai  aa 
important  factor.  Noise  modulatioa  wu,  in  genera],  cnpl^ed,  but  It  was 
pcedble  to  employ  either  wideband  barrafe  jiMcmlng  or  natrowbaikl  spot 
Jamming.  Barrage  Jamming  was  generally  dtfikult  to  achieve,  because  of  the 
relatively  narrow  bandwidth  of  available  soIm  soutcm  and  the  fact  that  it 
was  necessary  to  modulate  the  rf  generator  with  the  noise  source.  Oa  the 
other  hand,  barrage  Jamming  possessed  the  important  advantags  that  enact 
tuning  of  the  transmitter  was  not  required.  With  sufikkntly  broadband  bar¬ 
rage  Jammere  it  was  possible  to  locate  a  multiplicity  of  Jamming  transmit- 
Ua  In  the  aircraft  of  a  fii^t  (on  the  ground  or  on  ah^boutl),  to  tune  theee 
transmitters  to  adjacent  ssctions  of  tha  qssetrum,  and  to  eliminate  tuning 
cn  route  entirely. 

The  earlisst  transmitter  developed  by  the  Rsdic  Reeearch  Laboratory  wm 
the  Carpet  Z-Ie,  AN/APT-3,  AN/SPT-3,  designed  for  the  fraiuency  range 
from  40C  to  730  Me,  and  adapted  for  use  against  Um  Qennsn  Wit^burg  gun- 
Isying  radar  letr.  This  transmitter  was  desiensd  for  a  power  ouU>ut  from  5 
to  10  watts. 

The  Carpet  Jammer,  Carpet  III,  AN/APQ-9,  AN/SPT-S,  AN/UPT-1 
(RRL  F-3500)  for  the  power  range  from  15  watts  to  SO  wat4  supplcmentsd 
the  Carpet  I-Is  squ^^ments. 

The  Dina  (dinct  ndse  ampliftcr)  transmitter,  AN/APT-1,  AN/SPT-1, 
for  the  frequency  range  90  to  330  Me,  having  a  power  level  of  10  to  30 
watts,  wu  used  against  the  Frey§  eeriy  warning  ra^  (135  Me). 

The  Rug  transmitter,  AN/APQ-3,  AN/SPT-4  (ERL  F-15u0),  covered  a 
hl^r  frequency  range  (300-500  Me)  at  the  30<watt  level.  Car^  IV,  AN/ 
APT-5  (RRL  F-SSOO),  again  at  30  watts,  covsrsd  the  range  from  350  to 
1300  Me. 

The  lighthouse  tube  transmitter,  AN/APT-9  (RRL  F-4800),  had  a  range 
from  300  to  2500  Me,  again  at  20  watts.  The  RRL  F-4S00  Jammer  covered  a 
frequency  range  from  appro.'dmately  3700  to  4300  Me  at  30  watts.  This  last 
experimental  Jammer  was,  however,  never  completed  but  was  replaced  by  the 
5-band  Jammer  F-5100. 

Quito  early  in  the  war,  the  research  and  development  work  st  the  30-wntt 
power  level  had  been  completed,  to  the  extent  that  the  from  25 

Me  to  4200  Me  was  pretty  well  covered  by  jamming  equipment  of  one  kind 
or  another,  including  Carpet  I-Ie,  Dina,  HF  Dina,  AN/APT- 1,  Mandrri, 
AN/APT-3,  Rug,  Carpet  IV,  the  r-4800  Jammer,  later  the  AN/APT-9,  and 
the  F-4500  Jammer. 

Coverage  at  the  150-watt  kvel  wu  also  fairly  complete  since  it  extended 
from  90  to  1200  Me,  including  the  Dina  ampliflcri  (RRL  B-4t00,  B-2800), 
the  split  anode  magnetron  tnasmitter  AN/APT-4  (RRL  F-34(^,  F-34t0), 


Ph.  MatiMtroB  truuaaitte?  AN/APT*4. 

umI  tlM  nngMtroB  tranMolttK  F<4400.  Tht  Navy  aiac  davalspad  tha  TDY, 
TDY-1  tpllt-aaoda  mafoetroa  l$0*waU  tranmittir,  uUusiai  tba  tame  tulbae 
employad  in  Um  AN/APT>4,  Um  2PS79,  and  2PS90.  FIgura  hi  idsowa  tha 
AN/APT>4  tTaaamittar. 

On  Um  othar  liaad,  trenamlttan  for  tha  l>hw  lavd  rrart  Unsltad  to  rala- 
tivaly  narrow  aagmanta  of  tha  qMctrum,  Mid  tha  10-kw  and  AC'kw  irvais 
wara  raprwiantad  by  raiaarch  prcjjact*  invoiving  qiadfle  typaa  of  tuk«a,  thi 
ZPS95  magnatron  and  tha  Modal  21  rear>atron.  This  tapering  off  of  frequency 
range#  with  increaaing  power  waa.  of  couraa,  to  be  aiqiacted  in  view  of  tha 
technical  limitatiooa  exiatlng  at  tha  time. 

The  drat  operational  uaa  of  production  “Carpet**  jammara  waa  on  October 
8,  194t,  only  about  aliditacn  month#  after  the  atari  of  the  program.  Carried 
on  thia  date  in  68  aircraft  of  two  group#  of  the  3th  Air  Force  during  a  raid 
on  Bremen,  tha  “Carpeta”  reaultad  in  a  SC  percent  reduction  in  iosaea  for 
the  protected  group#. 

In  addition  to  the  tranamltter  projects  diKuaeed  above,  and  other  auck 
project#  not  mentioned,  three  tyatem#  project#  were  eatabliahed.  These  ware 
tha  AN/APQ>20  and  AN/APQ-27  #y#taint,  which  tisad  tha  F>S100,  SC>wait 
S'band  jamming  tranamltter,  in  anticipation  of  enemy  davtlopraent#;  and  the 
XMBT  “E.epbant'*  l>kw  S<band  jamming  syatem,  S‘9000,  designed  for  ahlp- 
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borm  UM.  Afttr  wur,  th«  F-5100  projtct  ultlnutely  r«tult«d  In  the  AN/ 
APT'ii  Junmioc  tnuiunltter,  end  iJto  “Elephuit*’  ied  to  the  hifh^power 
lammert  AN/MLQ’2,  AN/MLQ-7,  and  AN/SLT-2  and  -3. 

A  major  naval  effort  at  the  Naval  Rceearch  Labontory  was  concerned 
with  the  employment  of  countenneasuree  agrfnst  the  Oennans’  HS-293  slide 
bomb.  Early  in  the  war  the  use  of  this  bomb  offered  severe  resistance  to  our 
tMinU  units  in  the  Meditetfanean.  This  wti^n  was  first  iued  operationally 
to  sink  the  Italian  battleship  Romu  as  she  was  attempting  to  escape  to  Join 
the  Allies.  It  was  ussd  also  to  sink  the  British  ship  Wartprit$,  and  it  dam* 
aged  the  U.  S.  Cruiser  SevsitiMiA.  It  was  a  report  by  the  crew  o!  the  SevswwA 
that  pve  the  Naval  Research  Laboratory  the  cUm  that  indicated  that  the 
Navy  was  faced  with  a  guided  weapon.  Later  ons  of  these  HS*293  glide 
iHMnbs  sank  in  a  near  miie  in  shallow  water  off  Libya  and  was  recovered  by 
the  British.  Meanwhile  NRL  eogineers  were  called  to  work  around  tha  clo^ 
cn  tha  research  and  dcvelqKnsnt  of  equipment  to  counter  the  threat  of  this 
bomb.  Experimental  equipment,  fitted  on  shlpa  In  only  six  weeks  time,  was 
used  to  intercept,  record,  and  analyst  the  gulded*bomb  control  signals.  It 
was  desired  to  obtain  thipboswd  recoidings,  while  the  ship  was  under  attack, 
of  tha  radio  control  signals  for  ctxni^ets  laboratory  analyiis.  In  practice,  two 
of  the  four  control  tones  employed  were  abo^  audible  frequency  range, 
and  also  were  above  the  frequency  range  of  World  War  II  recorders.  Only 
after  a  serlea  uf  ingenioua  maneuvers  were  these  radio  frequencies  and  their 
associated  tones  successfully  located  and  accurately  analya^.  Soon  after  tha 
first  control  signals  were  i^ysid,  two  deitrosrer  sscorts,  tha  U.S.S.  Davis 
and  the  U.S.S.  Jantt,  were  supplied  with  experimental  NRL  equipment 
which  GO  successfully  Jammed  ^s  guided  bmnbe  that  the  effectivenese  of 
the  weapon  was  very  nsariy  neutralised.  After  this  Jamming  program  galwid 
full  momentum,  no  major  fleet  unit  was  sunk  by  the  glide  bom^. 

Following  these  initial  eucewises  by  tita  Navy  with  the  Naval  Research 
Laboratory  experimental  equipment,  Airborne  Instruments  Laboratories  at 
Mineola,  New  York,  undertook  a  project  for  the  development  of  production 
jammers  for  use  against  the  German  HS-293  glide  bomb  for  the  Nai^.  This 
equipment,  known  u  the  MAS  Jamming  system,  involved  the  developmest 
of  several  types  of  multlple>cha»cel  receivers  and  manually  tuning  iqtst  Jam¬ 
mers,  and  some  automatic  sMreh  receiver-spot-Jammer  combin&tioni.  A 
crash  program  was  also  undertaken  at  RRL  at  tha  time  when  these  German 
glide  tombs  were  first  used  in  the  Mediterranean,  in  March  J194S.  RRL  was 
asked  to  produce  on  a  crash  basis  a  qucntily  of  30  Jamming  systenu  for  use 
against  the  glide  tombs.  In  response  to  this  request,  RRL  converted  a  quan¬ 
tity  of  AN/ARQ-8  tranimitter-recelveri,  which  were  then  !c  crash  production 
for  the  Air  Force,  and  made  them  suitable  for  the  Meiliterranean  operation. 
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Deveiopmentc  Ir  tba  theater  of  operation,  however,  chaas^d  tlte  (^eratlonal 
needs,  and  none  of  thaeo  equlpmcntr  saw  service  In  ths  field. 

Airborne  Instruments  Laboratories  also  worked  on  an  airttoroe  januner 
(AN/ARQ-ll)  havinf  a  power  output  of  about  1  kw.  Ten  of  these  units 
were  delivered  to  the  Air  Force  as  prc>totypes  of  a  hish-powor  alrbsmie  Jam* 
nwr.  In  the  V-T  fuse  Jamming  field,  the  Signal  Corps  lo'boratory,  Fort 
Monmouth,  New  Jersey,  developed  the  AN/TRT-2,  a  convoy  Jammer  with 
approximately  100  watts  output,  swept  CW,  covering  the  frequency  range 
73-200  Me. 

The  Westingfaouee  Research  Laboratoriea  was  rseponsibb  for  the  develop¬ 
ment  of  a  10-kw  ground-based  communication  Jammer  known  as  ''Ground 
Cigar,"  for  tee  frequency  range  from  38  to  42  Me.  Other  work  in  the  field 
of  communications  countermesiures  and  communications  antijamming  was 
done  by  the  Bell  Telephone  Laboratories,  by  the  Federal  Telephone  &  Radio 
Corporation,  and  by  the  Radio  Corporation  of  America. 

S.i.48  World  War  S  SaMivere 

The  fundamental  success  of  any  counternMasurM  operation  must  be  de¬ 
pendent  on  the  type  of  receivers  available,  because,  before  recourse  can  bo 
had  to  setiva  jamming  techniques,  it  Is  necessary  to  detsrmlns  ths  location 
and  frequeiicy  of  ths  elsctronic  systems  to  be  Jammed.  The  primary  einphaals 
of  the  countermeasuies  program,  when  it  waa  set  up  initially  wu,  therefore, 
on  the  development  of  receivers. 

The  Navy,  faced  with  locating  Oertnan  aubmarinsa  squipped  with  rads', 
met  this  threat  with  rimple  tunab!!;  detector  video  recovers  developed  at  ihe 
Naval  Research  Lafcoratoiy.  TI...'ie  first  receivers  had  stub  antensas  that 
extended  through  the  skin  nf  *  ircraft,  and  the  bass  end  of  the  antenna 
iniide  served  as  a  timing  cvix  to  determine  the  frequency.  Tuning  was 
by  sliding  a  shorting  ..>sr  up  and  down  tiis  cavity  until  a  signal  was 
detectsd.  The  later  quantity'-produced  sets  were  deelgnated  ARD-1  and 
ARD-2  and  included  circuitry  for  determining  prf  anJ  pulse  length. 

These  same  sets  were  also  used  by  the  Navsil  Patrol  aircraft  in  the  Pacific 
to  locate  the  Japanese  radars  located  throughout  the  islands.  They  were  also 
used  to  locate  the  first  Japanese  ihlpborne  radars  used  In  the  Pacific  fleets. 
These  simple  receivers  filled  an  important  operational  gap  for  the  Navy 
prior  to  the  production  of  replacement  receivers. 

Subsisquently,  the  receiver  program  comprised,  principally,  work  on  three 
receivers,  the  AN/AFR-1,  ^e  AN/APR-4,  and  the  AN/APR-Sd.  The 
AN /APR- 1  receiver  and  the  AN/APR-4  recriver  were,  in  general,  similar, 
except  that  the  AN/APR-4  receiver  permitted  a  choice  of  i-f  ba»dwid±. 
Most  of  the  work  on  these  two  receivers  involved  the  development  of  three 
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dlfftrcnt  typM  of  tuialaj;  uaiu,  {(knUfiod  by  the  luflbst*  Af  C,  at  D,  following 
the  project  number.  The  A  units  were,  in  gsnersl,  motor  drive  units  for  the 
AN/APR>1  receiver;  the  C  units  were  cutnual  tuning  units  for  use  with  the 
AN/APR'l  receiver;  end  the  D  units  were  designed  for  tuc  with  the  AN/ 
APR-4  receiver,  end  were  equipped  both  wirii  motor  drive  end  sector  sweep. 
The  AN/APR-5d  receiver  wss  designed  tc  cover  the  higher  frequKscy  rnnge 
from  1000  tc  6000  Me.  Theee  recclv^tr■  went  into  Isrge  quantity  production 
and  were  extensivei;'  used  in  the  held. 

In  addition  tc  the  wv'  the  AN/APR-1 ,  the  AN/APR-4  and  AN/AFR- 
Sd  receivers,  the  program  included  another  receiver,  the  .4N/APR-3,  known 
IS  the  “Autosearch"  receiver.  Work  was  alio  done  on  *‘widc-opeo‘^  rtcrivers, 
such  as  the  “Spud,”  the  “Zero  Catcher,”  and  the  “Booser,”  but  these  wide- 
open  receivers  never  saw  extensive  use  due  to  chsngse  in  tire  cperatlonal  re¬ 
quirements 

The  frequency  coverage  aEorded  by  RRL-developed  receiveri  which 
reached  production  wu  from  40  Me  to  6000  Me.  At  the  end  of  the  w- work 
was  Just  starting  on  the  AN/APR-0  receiver,  which  was  intended  tc  give 
greater  frequency  coverage  and  .snhanced  performance.  Work  on  thu  AN/ 
APR-9,  was  transferred  to  the  Airborne  Instrumente  Laboratories  at  Mineolii 
where  the  development  was  completed  under  Navy  sponsorship. 

In  the  V-T  fuse  field,  the  Signal  Corps  Engineering  Laboratory,  under  con¬ 
tract  with  Airborne  Instrument  Laboratories,  developed  the  AN/ARR-34,  a 
lightweight,  rapid-scan  luperbeterodyne  covering  the  frequency  range  60- 
300  Me  in  one  band.  Thli  wu  completed  in  1944  but  was  not  used  since  the 
OernRsens  did  not  poesese  opcrstlonid  V-T  fusee.  At  the  end  of  the  war,  work 
was  started  at  SCEL  on  tlM  AN/TLR-9  and  -10  V-T  fuze  receivers  covering 
60-i0S0  Me  with  high  sensitivity  and  prc^bility  of  Intercqrt. 

2, 1.4.9  Evalnatlcn  of  ECM 

Before  the  end  of  the  German  war,  following  construction  of  prototype 
models,  most  of  tho  equipment  developed  by  the  Joint  Army-Navy-NORC 
program  had  been  placed  in  prccurentent,  and  nearly  every  bomber  in  the 
8th  Air  Force  had  been  equipped  with  at  least  one,  and  in  seme  cases  up  to 
four,  Carpet  Jamn*.tng  transmitters.  Remits  were  anxiously  awaited.  Repre¬ 
sentatives  of  Radio  Research  Laboratory  etatloned  at  the  Division  15  British 
Laboratory,  ABL-15,  at  Malvern,  England,  and  at  other  itritegic  points  in 
the  (^rational  thsatrei,  made  operational  analyseit  to  determine  effect 
on  the  enemy.  Soon  after  the  equipment  came  into  full  use  against  the  enemy, 
losses  in  the  8th  Air  Force  began  to  drop.  While  initially  it  had  been  ex¬ 
pected  that  an  appreciable  fraction  of  our  bombers  would  fail  to  ktturn  from 
raids  over  Germany,  the  percentage  of  losses  wu  now  reduced  to  a  very  low 
figure. 
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Usste  opfratloBsl  tMlysoi  wtra  not  conclutivt.  The  Osnnnse  hftd 
much  of  their  antielrcraft  equipment  In  bombinf  rAid*,  and  t2ie  Luft'tridfe 
had  practically  stc^iped  operating.  The  weather  had  alio  ehaaged  during  the 
period  when  itatlitlca  were  accumulated.  It  was  known  that  the  loeeea  hod 
decreased,  but  It  could  not  be  proved  that  ibe  co;uiU»ineasuret  program  had 
achieved  thle  reeult,  or  had  even  helped. 

It  WM  not  (intU  after  VE  Day  that  the  truth  was  learned,  from  ths  Ups 
of  the  Germans  thenuelvea.  Within  a  week  aftar  boatilltlee  had  ceaead, 
almost  the  entire  stall  of  the  Amarican-Brltlih  Laboratory  of  Divletoc  15, 
la  England,  had  scattered  to  various  points  witldn  Germany.  So!m  reports 
began  to  come  back.  The  recorda  of  the  Itelchforichimgwat  (the  German 
OSRD)  had  been  examined,  and  It  had  been  determined  that  tito  American- 
British  program  waa  a  spectacular  success.  Oernum  scientists  had  bten  inter¬ 
viewed,  who  confessed  themselves  baffled  by  our  countermeasures  activity. 
Representativee  had  talked  to  radar  officers  In  the  German  ground  forces, 
who  declared  that  our  countermeasures  had  rendered  German  antiidreraft 
radars  uselau. 

The  sum  total  of  the  investigations  in  Germany  confirmed  the  view  that 
the  ECM  program  had  been  a  luccees.  It  was  true,  te  a  very  considerable 
extent,  that  the  countermeasurec  gear  had  beer  a  major  factor  in  the  reduc¬ 
tion  in  loasfls.  The  entire  Nad  radar  network,  accor<Un|  to  the  people  oper¬ 
ating  it,  had  been  reduced  to  about  one-fifth  of  Its  normal  effectiveness. 
Fairly  early  in  the  war  the  Germans  had  learned  to  depend  almost  entiraly 
on  ridtr  for  antiaircraft  gun  cmtrcl,  bccausa  it  gave  a  much  more  accurate 
ranp  and  waa  rsliabie  In  all  kinds  of  wsaiher.  When  tha  Sth  Air  Force  began 
using  window  and  clactronlc  jamming,  the  German  antiaircraft  crews  bad 
been  blinded.  Try  aa  they  might,  th^  had  been  unable  to  determine  the 
location  of  our  flights  through  the  daasUng  glare  of  their  radar  le^ss.  Orders 
had  been  issued  to  continue  firing  in  s|dte  of  the  Interference,  in  order  not 
to  reveal  to  us  the  fact  that  cur  countenneasuros  had  been  successful.  Then, 
so  poor  was  tha  rMord  of  planes  shot  down  under  these  conditiona,  that  these 
orders  were  replaced  with  orders  not  to  fire  at  ail  unless  good  visual  aim 
could  be  obtained— orders  equivalent  to  abandoidng  radar  antiaircraft  con- 
tfc!  entirely. 

In  the  German  laborstorles,  scientists  had  been  at  work  attempting  to 
lessen  the  vulnerability  of  their  radar  equipment  ever  since  the  British  had 
dropped  the  first  window  in  the  raid  over  Hamburg  in  1943.  After  the  Ger¬ 
man  bombing  raids  on  England  in  1940,  Hitler  had  thought  the  war  was  won 
and  had  ordered  the  demobiliiation  of  a  great  part  of  the  German  scientific 
effort  and  the  induction  cf  the  scientists  into  the  army-  With  the  Hamburg 
raid,  and  the  capture  of  one  of  our  advanced  airborne  radar  sets,  the  Oer- 
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m«ni  had  seen  ihe  (>not  of  Uih  dccUSon  and  had  iin:nadiat«!y  rcconatitutod 
tha  Klentffle  organiaatioR.  At  the  end  of  the  war,  the  iaboratoHea  had  bf«R 
operating  at  full  capacity,  and  about  half  Um  German  icientif.c  eHort  in  the 
field  of  electronic!  had  bet-n  directed  ogainat  cur  countcrmeaaurea  activity. 
So  large  a  force,  in  fact,  had  been  engaged  in  thia  work,  that  efforta  along 
other  line*  of  ade;  Mfic  war  developmenta  were  neglect^  and  it  wat  the 
opinion  of  invettigatcrc  that  the  couutefineaauree  proffam  iiad  not  only 
nullified  the  German  antiaircraft  fire  but  the  entire  acieritiftc  program  in 
general,  through  the  prisoccupetion  of  the  German  scientific  organiutlon 
with  the  countermcaaurei  program. 

Prior  to  D-Day,  the  U.  S.  N’ml  Research  Laboratory  had  a  team  in 
England  working  with  the  Admiralty  icientitti,  preparing  eipeciaily  fitted 
(hips  for  the  counternMasuree  role  in  the  invasion.  A  total  cf  sonne  sixty 
ships  were  fitted.  NRL  engineers  in  England  fitted  ten  ships  and  an  addi¬ 
tional  five  were  fitted  in  the  United  States  by  NRL  personnel.  Those  ships 
were  configured  with  the  ccuntenpeasureik  for  the  glide  bmnb.  In  addition, 
NRL  engimwrs  worked  with  the  British  in  developing  the  plans  for  counter¬ 
measures  deception.  Small  boats  were  fitted  with  a  series  of  towed  deceptive 
"targets”  which  were  made  of  chicken  wire  in  the  form  of  a  corner  reflector. 
Other  boats  towed  bolloonborne  deceptive  reflectors.  These  units  were  towed 
close  ashore  on  the  French  eout  on  the  morning  of  the  invasion  and  were 
responsible  for  the  early  report  by  the  Gernf\ans  rhat  the  attack  wu  coming 
near  the  Pas  de  Calais  and  Bouli^  areas  many  miles  away  from  where 
the  landings  were  actually  made.  In  spite  of  their  dangercu!*  deceptive  role 
the  small  boats  returned  to  England  without  lou  in  the  face  of  heavy  radar» 
directed  shore-based  gunfire.  The  ships  equipped  wiUi  glide  bomb  counter¬ 
measure:)  did  a  commendable  Job  since  they  protected  the  fleets  from  the 
hundreds  cf  glide  bctnba  loosed  during  the  attacks  on  the  invasion  fleet. 

Window  was  also  used  extensively  during  the  Normandy  invasion.  Army 
Air  Force  B-24  aircraft  with  window  flew  a  racetrack  pattern  over  the 
English  channel  near  the  coast  of  Normandy  before  and  after  the  invasion. 
B-24  aircraft  equipped  with  "Carpet”  Jamming  transmitters  (wrtietpated  in 
the  diversionary  action  against  the  Pas  de  Caiaii  area. 

S.2  Eleelrofilo  CounternieMisawe  Slao«  World  War  II 

Wnen  the  Japanese  war  ended,  in  August  1945,  steps  were  immediately 
taken  to  place  in  effect  plans  which  had  already  been  worked  out  for  the 
demobilisation  of  the  Radio  Research  Laboratory.  Certain  projects  for 
which  there  was  no  further  need  were  terminated  immediately.  Other  activ¬ 
ities  which  were  near  completion  and  which  had  continuing  values,  were 
completed  in  order  to  preserve  those  values.  Certain  other  projects  which 
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evidently  could  not  be  com^^leted  is  the  nMr  luture,  but  irbicb  bed  sonnidtr-  ; 
able  lon£<renfe  Importance,  were  transferred  to  isboratorisi  of  the  Armed 
Services,  such  as  tbi'  Naval  Research  Laboratory  and  the  Aircraft  Radiation 
Laboratory.  All  laboratory  work  at  the  Radio  Rseearch  Laboratory  was 
supped  by  November  1,  1945.  By  Jaouaty  1946  only  about  350  persons 
were  left  on  the  RRL  payroll,  and  of  these,  leas  than  10  percent  were  scion, 
tide  personnel,  all  of  w^m  were  engagsd  in  workics  ob  r^orts. 

A  limited  amount  of  research  and  devaiopmsnt  eSfort  totdi  place  at  the 
end  of  World  War  11  and  continued  for  a  year  or  so  theraaftsr.  Many  of  the 
personnel  in  the  Armed  Services  who  had  been  engafed  la  this  effort  returned 
to  civilian  life,  and  the  greater  part  of  the  equipment  produced  fer  ECM 
purpoies  during  World  War  il  was  sold  on  ths  surplus  market. 

In  the  late  1940’s,  ferret  activities  showsd  tlmt  a  radar  net  was  being  built 
rapidly  around  ths  Iron  Curtain.  The  ECM  program  wae  theraupon  rc^aft- 
tablished,  starting,  ca  the  pm  of  the  Navy  and  Air  force,  with  a  small 
research  and  developmert  .;i<?'.Tt,  schools,  and  continued  ferret  actlvltlea. 
World  War  II  equipment  *.«■»«  obtained  from  warehousae  and  the  aurplus 
market,  and  the  n^  for  and  bettar  equipment  was  recognlaed. 

From  1947  to  the  present  data,  an  extensiva  countarmeasure  risaarch  and 
develcpmeni  program  has  been  carried  on  under  the  dirtet  spor’^orship  of 
the  Armed  Services.  Work  has  been  done,  in  general,  by  Service  Laboratories 
or  Univeriltles  and  induitriol  organiaatbrji  under  prime  contracts  with 
various  branches  of  the  Serr'lces. 

Because  the  program  is  now  so  widely  decentralised  among  the  various 
branches  of  the  Services  and  among  a  multitude  of  contractors,  it  Is  difikult 
to  provide  a  full  and  complete  picture  of  the  current  situation,  particularly 
Inaofar  as  the  availability  of  production  equipment  ie  concern^.  No  at- 
tempt  will  be  made  tu  present  iS  fully  comprehensive  and  exact  analysis  of 
the  situation;  but  rather,  especially  sigaifleant  developmants  will  be  reviewed 
without  tabulation,  and  not  necessarily  In  chronological  order. 

Performance  rsquirements  for  ECM  equipment  have  now  beconra  much 
more  exacting.  While,  during  World  War  11  it  was  possible,  under  favorable 
conditions,  for  an  ECM  operator  to  ascertain  the  location  and  frequency  of 
a  signal  to  be  jammed  and  to  tuns  a  Jamming  tranamittsr  to  this  frequency 
manually,  such  procedures  are  now  out  of  ths  question.  Aircraft  s^ds  have 
Increased  manyfold,  reducing  the  time  available  for  mt.nual  elation.  The  i 
density  of  radar  signals  may  be  expected  to  be  much  greeter  in  any  future  I 

conillct.  Weight  limitations  make  it  extremely  dssirabls  to  di^Mnse  with  ^ 

operators  entirely  in  aircraft,  and  on  the  ground  and  on  shipboard  the  neces¬ 
sity  for  rapid  action  also  favors  the  abandonment  of  manual  control.  The 
postwar  trend  has  accordingly  been  in  the  direction  of  the  development  of 
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more  io{phls>*<^eted  Jemmlnf  Uchtilquee.  World  War  Z!  jammlnK  equipment 
•  WM,  in  general,  of  tint  "brute  force”  variety,  lacking  in  preciaion  and  fineeae. 

I  We  now  have  in  production  or  development  automatic  jamndisg  lyetema  of 

I  tUe  automatic  lecrch  tnd  lock-on  type,  raime  gate  and  doi^ler  pte  pulloff 

I  repeater*,  inveree  gain  repeatera,  and  other  equipment*  utilising  novel  tech* 

I  nl^uee  to  achieve  automatic  or  semiautomatic  operatioa.  The  B-58,  B>52, 

I  and  B-?0  all  include  an  electrosie  warfare  definigSvi  position  in  the  basic 

I  decip. 

It  is  noted  that,  on  account  of  the  complesity  of  such  Gystams,  it  it,  in 
,  lome  caiee,  difikuU  to  meet  weight  and  ^  requireineata.  It  appears,  there¬ 
fore,  that  there  may  etill  be  a  very  useful  apjidication  for  conventional  wide- 
i  band,  untuned,  nolee-modulated,  barrage-jamming  tranemittere.  Thli  problem 
i  it  aggravated  by  the  fact  that  tbe  power  requircmenti  of  Januning  equip- 
,  ment  have  continuoudy  iricreaaed  in  step  with  the  increased  output  of  t^ 
r..  dar  or  other  lysteme  to  bo  jammed 

The  research  and  development  program  is  following,  in  general,  the  san^e 
i  lines  which  were  established  during  the  war.  In  other  words,  tlM  program  it 

i  still  directed  toward  the  developrivent  of  equipmect  for  radar  counter- 

measures,  communication  countermeasures,  guided-mitstlu  cotutermeasurte, 
and  proslmity-fuse  countermeasures.  Important  changsa  in  emphasis  have, 
however,  taken  place  since  the  war,  While  a  major  amount  of  effort  it  still 
being  expended  on  radar  countermeasures,  the  portion  of  tbe  program  de¬ 
voted  to  communication  countermcasurce  and  proxlmlty-fuae  couater- 
meaeures  has  incrensed  materially.  Additional  cmi^iasla  is  also  now  bring 
placed  on  guided  missiles  counternteasures,  principally  through  the  establish* 
meat  of  the  Electronic  Defense  Laboratory  of  Sylvanla  Electric  Products, 
Inc.,  at  Mountain  View,  CaUfornla,  under  the  sponsorship  of  the  Signal 
Corps.  Considerable  effort  is  taking  place  in  the  development  of  techniquei 
and  equipment  to  suf^rt  the  ELINT  (Electronic  Intcliigeitce)  programs 
of  tha  various  services. 

From  tbe  standpoint  of  structure,  the  prog;am  is  also  divided  into  about 
tbe  same  categories  which  existed  during  World  War  II.  We  still  have  work 
on  transmitters,  receivers,  antennu,  direetion-Andlng  equipmetit,  testing 
and  training  equipment,  window,  and  aistijammlng  devices.  Here,  however, 
even  greater  ciumges  in  sinpbasis  have  occurred  than  in  tbe  ease  of  the 
various  applications  toward  which  this  program  is  directed.  Due  to  the  fact 
:hat  operational  requirements  are  now  considerably  more  stringent,  and  due 
to  the  necessity  for  Integrating  the  jamming  equipment  used  by  the  operating 
forces  with  ether  types  of  electronic  gear  available  for  their  use,  an  in¬ 
creased  amount  of  effort  is  now  being  expended  on  tbe  development  of  com¬ 
plete  systems  adapted  to  do  the  jamming  job  more  rapidly  and  effectively. 
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Wiitb  th«  objtctive  of  Mtlifying  Umm  now  opcntiooKl  aNdi,  rcqulronMnts 
htvii  b««n  alUred  to  call  for  more  rapid  acqultltion  UmM,  blgher  Junmlni 
power  !>weU«  enhanced  Miuitivlty  fn  solvere,  the  um  of  directional  acteima 
to  cbtoin  increased  radiated  power,  Imprvved  receiver  re^dutlon,  axsd  ex> 
panded  frequency  ranges. 

Postws?  TVassa^ttere  sad  Systesse 

Shortly  before  the  end  of  the  war,  work  on  the  first  5>baod  noise'niod^ 
lated  Jamming  transmitter  was  completed.  This  carried  the  RRL  project 
number  F-5100,  and  was  supplied  as  a  part  of  the  airborne  Jamming  system 
AN/APQ'20.  Later,  the  Seizes  nomen^ture  AN/APT-10  was  assigned  to 
the  transmitter  proper,  idsich  employed  the  Raytheon  QS-44,  Sl^watt  mag¬ 
netron.  Production  of  56  AKVAPQ-20  equipments  wera  ctmtpleted  before 
the  war  ended. 

In  1946,  contracts  were  established  by  the  Air  Force  for  the  development 
of  an  imprsved  and  expanded  (50-watt  Jamming  trauemitter,  extendliif  In 
frequency  through  the  L-  and  5‘-bands,  to  be  known  as  the  AN/APT-16 
Jamming  transmitter.  This  project  is  a  part  of  a  program  for  tha  develop¬ 
ment  of  a  serlM  of  Jammers  to  cover  the  frequency  range  from  JO  to  10,000 
Me.  It  has  beet,  lupplsmcnted,  within  these  limits,  by  ths  AN/APT- 13,  a 
ISO-watt,  TO-lSO-Mc  transmitter  for  Jamming  ground-to-air  bf  commtmlM- 
tlona  and  uhf  proximlty-fuae  signals;  and  outside  the  program  range  by  the 
400-watt  AN/ALT-3  transmitter  for  the  frequency  range  from  S  to  30  Me. 

Am  a  part  of  this  same  program,  the  AN/ALT-S,  t  JCd'lOOC-Mc  tran^inilUr 
waa  added  to  bridge  the  gap  betwesn  the  AN/AFP-d  and  the  AN/AFT-ld.  | 
These  Jammers  are  manuntly  tuned,  and  adapted  to  be  used  in  conjunction  | 
with  £  conventional  search  receiver  and  spectrum  analyser,  The  at^litiec  to  | 
tune  rapidly  and  to  radiate  increased  powers  are  the  Improvements  oUcred 
over  World  War  II  equipment. 

On  account  of  the  requirement  for  automatic  operation,  a  pro^am  was 
set  up  to  develop  a  series  of  automatic  single-frequency  spot  Jammers  cever- 
ing  the  frequency  renge  30  to  10,000  Me.  The  AN/ALQ-3  and  the  AN/ 
ALO-7  rvere  developeci  on  a  development-production  contract  to  provide  a 
rapid  5-  and  X-b«nd  capability.  These  are  airborne  transmitters  adapted  to 
jam  fire-control  radars. 

In  1947,  the  Bureau  of  Ships  established  a  project  for  the  development 
of  a  1-kw,  S-band  shipborne  Jammer  also  provitied  with  low-frequency  cover¬ 
age  for  communication  Jamming.  The  equipment,  known  as  the  AN/SLT-1 
Jamming  transmitter,  was  placed  in  production.  This  transmitter  covered 
the  frequency  ranges  from  90  to  270  Me  and  from  2460  tu  3600  Me  at  the 
1-kw  level. 
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!  A  projKt  for  tk«  dcvelopitMSit  of  tht  AK/TPQ*t  lyetem  yn& 

I  iiUbiifh«d  by  the  Signs!  Corpi  in  Jtsucry  19S0.  Toll  lystcsn  wm  datlgncd 

I  for  ft  1-kw  output  in  tho  frequtrxy  rtngc  from  9100  to  9600  Me.  It  «ru  in* 

traded  prltncrify  for  um  in  nuking  opeffttionil  and  engineering  teeU  igeinst 
ftirborne  radtr.  Another  Signal  Cotpe  Jainiining  equipment  waa  the  AN/MLQ- 
2  equipment.  Thie  wai  a  l*kw  jammer  for  the  frequency  range  2500*10,500 
’  Me.  The  complete  eyetem  included  an  acquiiltion  receiver,  a  teiting*on  re- 
I  r.elver,  and  dlrcctioiul  tranemltting  antennae  operated  in  conjunction  with 

I  an  automatic  t«igct*tracking  tyitem,  Each  complete  unit  provided  fojr 

cbannelt,  each  one  of  which  covered  the  entire  frequency  range.  The  actual 
lyatem  produced  by  Oiiftilan  Broe.,  Loe  Angtlee,  if  the  AN/MLQ*?  covering 
the  frequency  range  7200*10,500  Me  and  providing  the  outputa  deicribed 
I  for  the  “pianoed”  MLQ*3,  which  wa«  not  completed. 

The  Air  Force  500*watt  AN/ALT*!  tranimltter  ii  designed  for  the  fre* 
quency  range  from  7500  to  11,000  Me.  This  frequency  range  ie  divided  into 
two  bands,  and  ia  covered  by  means  of  two  floating*drift*tube  klyitrcne. 

When  the  planning  of  the  B*47  equipment  was  carrlsd  out,  in  1932  and 
1953,  only  manuaFy  tuned  spot  Jammers  were  available;  but  en  ECM  oper* 
ator  waa  not  plann<^  for  the  B*47.  As  a  result,  a  crash  program  for  the  provl* 
sion  of  an  unattended  jamming  capability  for  the  B*47  was  carried  out.  The 
existing  Jammers,  the  AN/ALT*5,  the  AN/ALT*6,  the  AN/APT*  16,  and 
the  AN/APT*6  were  utiilacd  In  this  crash  program.  Since  these  Jammers 
were  provided  with  eii'i^e-dial  tuning  they  were  converted  to  sweep  jamming 
with  the  intention  that  the}'  were  to  be  preset  to  the  center  frequency  of  the 
band  in  which  the  radars  were  known  to  be  operating  and  would  then  be  elec* 
tronically  tuned  over  the  radar  frequency  band.  The  AN/APT*6,  the  AN/ 
ALT  3,  and  the  AN/APT*  16  were  successfully  converted.  As  the  AN/ALT*S 
could  be  swept  only  over  that  portlcn  of  its  frequency  band  in  which  the  one- 
quarter  mode  was  used,  it  was  dUcontinued.  The  swept  versions  of  the  AN/ 
APT*6  and  AN/ALT-3  as  well  as  the  AN/APT*  16  were  redesignated  the 
AN/ALT-7,  the  AN/ALT  6/1  and  AN/ALT-8,  respectively.  While  slow  sweep 
jammirg  is  considered  to  be  a  poor  technique  today,  large  numbers  of  these 
Jammers  in  dispersed  airplanes  were  very  effective  against  the  radars  that 
were  in  production  prior  to  1957.  Better  radar  designs  and  ECCM  Axes  have 
provided  a  way  to  reduce  the  confusion  effects  caused  by  these  Jammers. 

Projects  under  the  sponsorship  of  the  Bureau  of  Aeronautics  include  the 
AN/APQ-33  semiautomatic  or  ina.iual  search  and  jnm  system  for  the  fre¬ 
quency  range  from  40  to  1600  Me,  employing  conventional  tubes;  and  the 
AN/ALT-2  Jammer  for  the  8500-10,000  Me  range,  employing  a  magnetron. 
Prototypes  of  tlie  AN/ALT-2  were  developed  at  NRL,  and  this  transmitter  is 
used  in  the  AN/ALQ-23  automatic  search  and  jamming  system,  which  has 
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bocn  adapttd  th«  standard  aUpbotcd  Jimming  tjrgtsm  AN/SLQ-iO. 

Jftmmera  for  Um  Ibw-frequency  nngM,  intradad  for  cocmnusiicatlon  and 
V-T  fuM  Jammins  include  the  AN/MRQ*2A,  a  eOO-watt,  t.5*20  Me  com* 
municaCion  Jamming  ayttem  (Signal  Corpi);  the  AN/TRT-2,  a  100  watt, 
7S*2vX)  Me  training  Jammer  (Signai  Corpa),  adiich  ia  alao  provided  with 
awept  Alii  for  fua@s;  *hfl  AN/MRT-4  tunable  Jammer  for  operation  at  the 
i*kw  level  in  the  frequency  range  irom  75  to  1200  Me  (Signal  Corpa);  and 
the  AN/APT*i5  ewept  Jammer  for  the  frequeiKy  range  from  70  to  250  Me 
(Signal  Corpa).  ARDC  alao  aponaored  a  vai^tion  of  the  AN/AFT'13 
equipment  for  the  frequency  range  70-1000  Me,  and  a  low-frequency  com¬ 
munication  Jammer  for  the  frequency  ruige  from  2  to  50  Me  cMgnated  aa 
the  AN/ALT-3  equipment.  Thia  development  finally  appeared  aa  the  AN/ 
ALQ-14,  a  rapid  aearch  and  Jam  ayatem  i^ng  a  earcinotron. 

The  Bur^u  of  Aeronautica  Mtabliahad  a  project  with  the  W.  L.  Maxaon 
Company  for  the  development  of  an  automatic  aearch  and  lock-oa  eyatem  at 
the  200-wati  lr.’el,  and  for  the  frequency  range  1000-11,000  Me,  which  waa 
deiign&ted  ii  the  AN/APT-20  equipment. 

The  AN/SLT-2  equipment  waa  a  1-kw  ahipbornc  Jammer  for  the  fre¬ 
quency  range  from  15  to  >000  Me  oevelopcd  by  tlie  (3enerel  Electric  Com¬ 
pany  under  contract  with  the  Bureau  of  Ships.  A  related  equipment,  the 
AN/SLT-3,  wu  alao  a  General  Electric  Conqiany  developmest,  under 
BuShips  apenaorehip,  with  extended  frequency  range,  to  cover  the  ^iMCtrum 
from  950  to  10,300  Me.  Thia  Jammer,  almliar  in  many  reepects  to  the  AN/ 
MLQ-2,  covered  the  required  frequency  range  by  means  of  11  magnetrona. 

Numeroua  atudlaa  have  been  made  by  contractora  of  all  braochn  of  the  | 
Servicca  l'^  the  fleld  of  tranapondera  for  uae  againat  guided  miaailea  and  other 
typea  of  targaU.  Theu  atudics  Included  work  on  auch  equipment  aa  the 
S-band  and  ^-band  “Owl"  and  the  AN/ALQ-1  equipment,  at  the  Airborne 
Inatrumenta  Laboratory. 

A  large  amount  of  effort  haa  been  applied  to  various  typea  of  re{>eaters  tor 
uae  againat  proximity  fuses.  Ihe  Electronic  Defense  Group  at  The  Urlver- 
alty  of  Michigan  accomplidied  a  large  share  both  of  the  research  and  of  the 
development  of  experimental  proximity-fuse  repeaters.  Some  o!  the  repeaters 
are  designated  for  frequency  ranges  lying  between  70  Me  and  30C  Me,  and 
power  outputs  range  from  0.1  watt  to  10  watts.  In  general,  these  projects 
employ  narrowband  conventional  tubes;  tome  of  them  employ  superregenera- 
tion;  aomo  are  dual  antenna  repeaters;  end  some  are  single  antenna  repeat¬ 
ers.  In  this  category  are  the  AN/URQ-S,  the  AN/ARQ-16,  the  AN/UL(^3, 
the  AN/TLQ-2,  the  AN/TLQ(),  and  the  AN/ULQ-1  equipments.  Unlike 
these  narrowband  devices,  the  EDG  at  Michigan  employed  wideband,  dis¬ 
tributed  ampilAers  in  the  design  of  their  luccesiful  V-T  fuse  repeater  AN/  I 
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MI/Q-S.  This  equipment  snnplojrs  OM  antenna,  and  a  titna-aharins  tranamit- 
ter  and  recelviw.  Further  d^Iopment  of  thii  equipment  In  tactical  form 
waa  accomplidted  by  Instrumenta  for  Induatry.  Two  projecta,  ARDC  Project 
R'l  12-132  and  BuAer  Project  NL460-052,  Involved  the  atudy  of  travtllnig- 
wave  atnplifters  for  uae  In  broadband  rapeatera.  Work  alonq  ihaae  Unea  waa 
alao  dona  at  the  Stanford  Electroulca  Research  Laboratory  under  Joint- 
Service  aponsorahip. 

Quite  early  in  the  poetwar  pfcfrain  it  was  realbied  that  autcnnatic  Jam- 
ming  equipment  must  be  provided  for  manned  aircraft  of  the  Air  Force 
because  it  was  not  planned  to  provide  such  aircraft  with  ECM  operators.  In 
19S0  and  1951  study  projects  were  eatablishad  with  the  Sperry  Oyroacc^ 
Company  for  investigating  the  feuibility  of  providing  broadband  coverage 
in  aemi-automatic  and  fully  automatic  search  and  Jamming  aystems.  These 
study  projects  resulted  in  the  AN/ALQ-5  and  the  AN/ALQ-27  systems.  A 
SMond  tschnique  was  the  AN/ALQ*6,  in  which  s  receiver  and  an  FM  car- 
cinotron  were  combined  to  provide  an  automatic  Jammer  ciq>able  of  Jamming, 
sequentially,  ail  signals  on  the  victim  aircraft.  Provisiona  were  made  to  select 
the  type  of  radars  tc  be  Jammed  by  the  use  of  prf  and  pulse-width  discrim¬ 
ination.  Another  technique  furnish^  multisignal  Jamming  capabilities  using 
a  recclvsr  to  dstermine  the  frequenciss  preeent,  control  circuits  to  set  up 
voltage-tunable  magnetrons  on  these  frequencies,  and  travcUng-wave-tubc 
ampliflsrs  to  raise  the  output  signal  to  the  proper  level. 

University  programs  for  basic  work  in  tht  ECM  techniques  area  were 
established  throughout  the  course  of  the  postwar  ECM  program.  Sissbie 
programs  were  established  at  Stanford  University,  the  Johns  Hopkins  Univer¬ 
sity,  and  The  University  of  Michigan,  which  have  made,  and  are  still  mak¬ 
ing,  signifleent  contributions  to  the  ECM  program.  For  instatKe,  llw  Johns 
Hopkins  University  work  in  infrared,  during  the  aariicr  years,  provided  the 
knowledge  to  start  a  hardware  program,  when  the  need  arose  In  1956.  At 
Stanford,  work  In  the  deception  area  wu  started  on  range-gats  pull-off  aud 
inverse  gain  modulation  as  liroadband  multlslgnal  radar  track-breaking 
devices.  Broadband  multisignal  repeaters  were  also  InvHtigatad.  Equipments, 
such  as  the  AN/ALT-10,  the  /iN/ALQ-ll,  the  S-440,  and  the  AN/ALQ-17 
are  the  direct  outgrowths  of  effort.  The  Navy  at  NRL  alao  sponsored  a 
complementary  repeater  program  for  their  ship  and  air  research  programs. 
Mnjor  technique  contributions  were  aiso  made  by  NRL  in  this  area, 

The  Air  Force  has  made  important  changes  in  policy  with  the  objective 
of  eifpcditii'ig  the  general  procurement  program.  These  changes  include  the 
weapons  syitetrs  concept  of  development,  involving  the  over-all  contracting 
of  an  entire  system,  including  the  airframe,  to  a  manufacturer;  the  esta¬ 
blishment  of  a  Quick  Reaction  Capability  (QRC)  for  rapid  hardware  ds- 
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veloprmnt;  ind  the  pbinntng  and  contracting  of  an  infrared  counttrmcaiuret 
(IRCM)  and  radar  abaorbent  (RAM)  ruearch  and  develspment  program. 
The  use  of  Infrared  in  air-to-air  guided  niiasiles  and  the  add^  infrared  radi¬ 
ation  due  to  missile  launch  started  the  need  for  infrared  warning  equipment 
u  wel!  as  infraied  decoy  devices. 

2.2,2  Postwiir  Receivers 

One  of  the  outstanding  accomplishments  of  the  interim  period  since  World 
War  n  has  been  the  successful  development  of  the  AN/APR-9  receiver, 
under  BuAer,  which  wu  placed  in  production,  This  receiver  covers  th*>  h  v 
quency  range  from  1000  to  10,750  Me  In  four  tuning  units  designated 
TN-128,  TN'129,  TN-180,  and  TN-131,  Its  Mnsitivity  ranges  from  -90 
dbm,  employing  a  narrow  video  bandwidth,  to  —73  dbm  at  the  high  end  of 
the  frequency  range,  employing  a  wide  video  bandwidth.  The  development 
work  on  this  receiver  was  done  by  Airborne  Instruments  Laboratory,  Air¬ 
craft  Radio  Corporation,  and  Cuilins  Radio  Company. 

Supplementing  the  AN/APR-9  receiver,  the  AN/APR-13  receiver  was 
developed  by  the  Navy  to  provide  coverage  In  the  low-frequency  range  from 
50  to  1100  Me.  This  receiver  Is  provided  with  five  tuning  beads,  designated, 
in  order  of  ascending  frequency,  as  the  TM'200,  the  TN-178,  TN-179,  TH- 
180,  and  TN-181  tuning  units  and  has  a  Knsitivity  ranging  from  —87  dbn: 
at  the  iow-frequcncy  end  of  the  range  to  —76  dbm  at  the  high-frequency 
end  of  the  range,  employing  a  wide  videu  bandwidth. 

The  AN/BLR- 1,  AN/SLR-2  receiver  is  the  shipborne  counterpart  of  the 
AN/APR-9  reosiver,  also  Inciuding,  howover,  the  frequency  rangea  of  the 
AN/APR-13  receiver  with  the  exception  of  the  lowest  frequency  tuning  head, 
TN-200.  Thus,  the  AN/BLR- 1,  AN/SLR-2  receiver  provides  frequency 
coverage  from  90  to  10,750  Me,  in  eight  tuning  heads.  The  AN/BLR- 1  re¬ 
ceiver  is  intended  for  use  on  submarines,  and  the  AN/SLR-2  receiver  is 
designed  for  installation  on  surface  vessels  and  land  stations.  In  both  cases, 
pulse  analysis  and  direction  finding  systems  are  included. 

At  the  end  of  World  War  II  the  Signal  Corps  Engineering  Laboratory 
developed  the  AN/TLR-1,  the  first  ground-baKd  intercept  system  to  be  em¬ 
ployed  by  the  Army.  This  equipment  wu  designed  by  Polarad  Electronics 
Cor|>oration,  New  York,  and  fabricated  in  quantity  by  Radio  Corporation 
of  America,  New  York,  The  frequency  range  covered  is  10  Me  to  12,100  Me. 
Three  tyf>es  of  antennas  are  provided:  omnidirectional,  broadly  directional, 
and  high  gain.  A  signal  amdysis  capability  is  included.  Sensitivity  ranges 
from  —120  dbm  at  the  low-frequency  end  of  the  range  to  —90  dbm  at  the 
high-frequency  end  of  the  range. 

Tne  U.  S.  Naval  Research  Laboratory  pioneered  in  mechanical  rapid-scan 
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microwava  receiver  development.  UtlHeiiijg  the  besic  mechenUm  of  the 
AN/APR>9(  !t  adapted  a  servo  sweep  system  to  provide  scannins  rates  of 
roughly  tOOO  Mcs.  The  receiver  aL<!0  had  the  ability  to  present  ten  frcqueu- 
cles  which  were  previously  selected  and  return  to  these  with  great  precision 
through  the  servo  control  system.  Frequency  was  read  on  a  Veeder  Root  coun^ 
ter.  The  top  four  heads  of  the  AN/APR-9  system  were  modihed  and  included 
in  the  prototype  system.  Associated  with  this  system  development  was  a 
complete  signal  acquisition  indicator  utiiising  the  P-iv  iong-pertistcnce  Krecn 
and  a  time-frequency  raster.  Also  a  part  of  this  system  was  a  new  indicator 
for  signal  analysis  and  display.  A  flve-gur.  cathode-ray  tube  was  utilised  in 
which  three  traces  were  devoted  to  pulse  analysis,  one  being  an  exponantla! 
sweep  and  two  being  two-decade  log  sweeps.  These  traces  gave  an  indication 
of  puise  width,  prf,  and  antenna  beam-pattern  width.  One  sweep  wu  used  as 
a  DF  indication  utilising  a  rectangular  sweep  in  which  the  top  trace  gave  a 
downward  deflection  and  the  lower  trace  gave  an  upward  deflection.  Tne  last 
trace  it  utilised  for  panoramic  display.  Production  versions  of  this  equipment 
resulted  in  the  Nkvy  shipboard  set  AN/VVLR-!  ark!  the  airborne  AN/ALQ- 
28  system.  These  systems  have  the  same  coverage  ati  the  AN/APR-9,  90  to 
10,500  Me,  and  the  same  order  of  sensitivity  and  selectivity. 

The  Signal  Corps  has  also  pioneered  in  the  development  of  a  mechanically 
tuned  rapid-Kan  receiver  known  as  the  AN/TLR-9  and  -10  receivers.  The  term 
"rapid-scan”  is  here  used  to  identify  a  receiver  in  which  the  entire  frequency 
range  of  a  given  tuning  head  is  scanned  la  a  period  of  time  comparable  with 
the  duration  of  a  radar  "look,”  ssy  0.05  swond.  The  AN/'n..R-10  receiver 
is  provided  with  five  tuning  heads  and  covers  the  frequency  range  (rum  60  to 
1060  Me.  It  Is  a  superheterodyne  receiver  having  sensitivities  ranging  from 
— 101  dbm  at  the  low  frequency  end  of  the  range  to  —73  dbm  at  the  high- 
frequency  end  of  the  range.  The  AN/TLR-4  extends  the  frequency  range  of 
the  AN/TL'R-10  from  1050  to  3600  Me.  The  AN/TLR-7  Is  electronically 
tuned  and  employa  saturable  reactori.  The  AN/TLR-15  extends  the  fre¬ 
quency  range  cf  the  AN/TLR-1.  It  covert  8  kMc  to  41  kMc  and  utilises 
iMckward-wave  local  oscillatora. 

Signal  Corpi  projects  (or  AN/TLR-3  and  AN/TLR-17  receivers  cover  the 
extension  of  the  AN/TLR-1  receiver.  The  AN/TLR-3  receiver  has  a  fre¬ 
quency  ranse  from  12,000  to  18,000  Me  with  one  head,  and  the  AN/TLR'17 
receiver  covers  the  range  from  500  Kc  to  12  Me  in  eight  tuning  bands. 

A  somewhat  similar  airborne  rapid-tesn  rece'ver,  the  AN/ARR-SA  re¬ 
ceiver,  has  also  been  placed  in  production  by  the  Air  Force.  This  receiver,  a 
motor-driven  rapid-scan  superheterodyne,  covers  the  frequency  range  from 
70  to  960  Me  in  four  tuning  ranges.  Its  sensitivity  averages  —80  dbm,  and 
it  employs  an  i-f  bandwidth  of  0.5  Me. 
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III  the  rapid-ican  raceiver  field,  the  Air  ReMKrch  nad  Development  Center, 
ARDC,  has  sponsored  two  projects  som^Twhat  similar  to  the  AN/AER-8A 
receiver.  These  projects  are  the  AN/ARR-l  raceiver  for  the  frequency  nui«c 
from  0.09  to  55  Me,  and  the  AN/ARR-5S  receiver  with  a  frequency  range 
from  SO  to  1050  Me.  These  receivers  differ  from  the  AN/ARR-14  In  that 
they  are  adapted  for  eperatior.  optionaliy  as  rapid-scan  or  as  high-rsK^ution 
receivers. 

The  AN/APR-14  receiver  developed  under  ARDC  spomor^p  is  a  siqier- 
heterodyne  receiver,  cimiiar  in  some  respects  to  the  AN/APR-9  receiver,  for 
the  frequency  range  from  50  to  1125  Me,  using  five  tuning  ranges.  This  re¬ 
ceiver  is  intended  primarily  for  setting  Jammers  on  frequency,  and  Is  also 
considerably  more  compact  than  the  AN/APR-9. 

The  field  of  electronically  tunable  rapid-scan  microwave  receivers  has 
been  actively  investigated,  and  work  along  theee  lines  lias  resulted  in  (gr¬ 
ating  equipment.  The  ElMtronlcs  Rceearth  Laboratory,  ERL,  of  Stanford 
University  developed  prototype  models  of  the  S-121  receiver  covering  the 
frequency  range  from  500  to  4000  Me  with  three  tuning  heads.  This  receiver 
depends  for  its  operation  on  the  use  of  electronically  tunable  "dispersive" 
traveling- wave  amplifiers,  and  Kane  over  a  2:1  baud  In  approsdnwtely  .05 
second.  Frequency  indication  is  provided  by  the  diqilay  of  the  video  signal 
on  a  scope,  the  time-base  of  which  is  synchronised  with  frequency.  This  is 
not  a  setting-on  receiver,  but  does  afford  good  frequency  resolution,  and  as¬ 
sures  almost  perfect  intercept  probability  on  account  of  !u  extremely  rapid 
scan  rate. 

In  parallel  with  the  Stanford  project,  and  with  the  esalstanec  of  ERL,  the 
W.  L.  Maxson  Company  has  worked  on  a  similar  2-4  kMc  rapld-sci?  >  rsc^ver 
known  as  the  AN/ALR-2  receiver. 

The  Stanford  S-lSl  receiver  is  an  AT-band  converter  def!s.ied  x)  accept 
signals  in  the  Af-band  end  beat  them  down  to  the  S-band  rangt.  where  they 
are  fed  into  the  input  of  the  S-i2i  receiver.  The  S-152  receiver  is  an  elec¬ 
tronically  tunable  rapid-scan  A'-btnd  superhcterod}me  with  variable  sweeping 
and  acceptance  bandwidth.  The  rKeiver  is  thus  adaptable  for  high  intercept 
probability  with,  wide  sweeping  and  acceptance  bandwidth;  and  alternatively 
for  high  resolution,  with  narrow  sweeping  and  acceptance  bandwidths.  The 
sensitivity  is  high  in  either  case. 

A  considerable  amount  of  activity  is  also  going  on  in  connection  with 
wide-open  receivers  of  various  types.  Some  of  these  wide-(^n  receivers  ere 
merely  "xero  catcher"  receivers  designed  for  early  warning  without  any 
frequency  indication.  Others  have  multichannel  operation,  capable  of  indi¬ 
cating  frequency  with  an  accuracy  of  ±15  percent.  In  thla  category  falls 
the  multichannel  receiver  of  the  Airborne  Instruments  Laboratory,  in  which 
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Mch  channel  employs  a  four-itsfe  cavity  filter  tot  frequency  discrimination. 

Another  type  of  wideopen  receiver  which  is  esfesing  coiuidorahle  atten¬ 
tion  at  the  present  time  is  a  multiple-horn  receiver  being  developed  by 
at  Federal  Telecommunication  Laboratories.  Receivers  of  this  type 
are  discussed  in  connection  with  direction-finding  systems  in  the  next  eee- 
tioif). 

2>3iil  DirecUon-llndlisg  Syetonu 

The  program  contains  numerous  projects  for  developing  lUgh-frequency 

.  xition-findlng  systems.  These  equipments  are  prindpelly  intended  for  use 
/F  communication  circuits. 

The  Navy  at  the  U.  S.  Naval  Research  T.4iboratory  has  maintained  one  of 
the  major  research  efferss  in  the  field  of  hf  direction-finding  reiwarch  Since 
1950  NRL  has  had  an  ejqperimcntal  widc-aperture  direction-finder  system  in 
being  and  under  study.  Continuing  studies  have  resulted  in  the  development 
of  suitable  multicoupiers  for  dirsetion  finding  systcins  a^mltcatlon.  This  has 
rsauited  in  the  development  of  a  40-eicment  ‘*Wu!ienweb«r’*  t^  array  cap¬ 
able  of  simultaneously  forming  preclie  beams  for  veiy  accurate  Erection  find¬ 
ing,  fixed  beam  antenna  patterns  every  9*  of  aaimuth  and  less  accurate 
steerable  beams  for  intercept  search  purposes.  Diverse  instrumentation  in¬ 
cluding  several  systems  of  combination  intercept  and  DF  functions  have  been 
developed.  Twin-channel  adaptatioiu  heve  also  bean  included.  Automatic 
bearing  and  read  out  to  0.1*  bearing  accuracy  are  also  a  part  of  the  system 
developments. 

The  Navy  h£2  also  sponsored  direction-finding  research  at  the  University 
of  Illinois.  This  hag  resulted  in  a  120-element  “Wullenwebor”  array.  Though 
the  instrumcRtaticn  connected  with  this  antenna  is  quite  ciemeniary  the 
studies  produced  have  furthered  the  state  of  the  art  in  appredation  of  whet 
aperture  arrays  wider  than  the  40-element  system  developed  by  NRL  will 
produce  operationally. 

Also  at  the  Naval  Research  Laboratory  the  Navy  has  sponsored  a  narrow- 
aperture  direction-finding  research  program.  Based  on  the  AN/QRD-6 
equipment,  this  program  has  resulted  in  itudlH  of  various  antenna  elements 
and  their  resultant  accuracy  as  a  part  of  the  DF  system.  Major  improve¬ 
ments  in  field  modifications  of  the  AN/ORD-6  have  resulted.  Automatic 
bearing  readout  systems,  machiiM  computation  of  fix  systems  and  other 
similar  operational  concepts  have  resulted  from  these  studies.  The  Signal 
Corps  had  a  project  with  the  Servo  Corporation  of  America  for  the  develop¬ 
ment  of  a  doppler  DF  system,  the  AN/TRD-15. 

The  principal  new  development  in  airborne  microwave  DF  is  the  AN/ 
APD-4  equipment,  and  related  equipment  worked  on  by  deRosa  at  Federal 
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Tslecommimicettons  Ltboratoriec.  Thia  ii  k  itrkk-optn  DF  lystan  which 
en^loys  a  multiplicity  of  dlrfctiooil  boriif,  ««ch  with  a  ciyatal  vidbo  r«- 
ceiver.  The  output  of  each  reccivef  is  cenmettd  to  a  delay  line,  and  (he  out¬ 
puts  of  the  delay  lines  are  scanned  in  timed  sequence  l.o  produce  a  diipla/ 
of  the  over-all  pattern  on  a  cathode-ray  tube.  Althouidi  'Jitre  is  no  predee 
frequency  discrimination  in  the  individual  horns,  a  eeneral  Indication  of  fre¬ 
quency  can  be  obtained  by  eaaminlrs  the  shape  of  the  over-all  pattern  cr< 
the  cathode-ray  tube. 

Two  projects  involving  the  Improvement  of  the  World  War  II  AN/APA-l? 
direction  scanning  equipnnent  are  in  the  pre^ram.  These  are  the  AN/APA-92 
direction-finding  system  for  the  frequency  range  from  60  to  11,000  Me  and 
the  AN/APA-69  for  the  range  200-10,300  Me.  In  this  category  is  also  the 
panoramic  and  DF  indicator  for  the  AN/APR-9  receiver,  known  u  the  IP- 
81 /APA-69/f  indicator.  A  homing  antenna  system  for  the  AN/APR-9,  desig¬ 
nated  as  ths  AN/ALA-4  equipment,  b  also  being  developed  under  BuAer 
sponsorship.  This  equipment  covers  the  frequency  range  from  90  to  10,730 
Me  arid  includes  a  ^mmutation  switch,  signal  comparator,  indicator,  and 
three  mu  cf  antennas.  A.  Alford  has  developed  simliar  direction  finding  eys- 
tems  for  the  AN/BLR-1,  AN/SLR-2  receivers  now  in  production  at  Collins 
Radio  Company.  Another  project  is  a  dual-horn,  servo-controlled  DF  antenna 
for  the  frequency  range  from  1000  to  11,000  Me,  developed  as  an  Improve¬ 
ment  over  the  DBM  direction-finding  lyitcm. 

R. 2.4  Poetwar  Ferret  AcUvitlee 

After  the  war,  the  Air  Force  used  some  B-17’b  as  short-range  aircraft  for 
ferret  purposes.  About  the  same  time  the  Navy’s  postwar  program  began  to 
take  shape  and  P3-4Y3’s,  especially  doslgneU  during  the  war  for  these  pur¬ 
poses,  with  delivery  at  the  close  of  the  war,  were  oiganlied  In  i  ferret  squad¬ 
ron.  Later,  the  Air  Force  refitted  a  few  B-29  aircraft  for  Icng-rsnge  ferret 
service.  These  flew  some  of  the  first  global  misaions.  The  Navy’s  PB-4Y3’s 
were  still  doing  yeoman  service  with  less  extensive  use  in  areu  of  stretegic 
concern  to  the  Navy.  The  Air  Force  later  went  Into  a  program  utilising  the 
B-36’s. 

The  Navy  followed  the  PB-4Y2  with  the  P4M.  This  aircraft  served  as  a 
direct  replacement  for  the  PB-4Y2  and  saw  much  Mrvice  in  the  Atlantic  and 
Pacific.  Later,  the  Navy  introduced  an  all-jet  aircraft,  the  A3D-2Q,  These 
aircraft  are  stlli  flying  and  are  typical  ferret  ECM-configured  aircraft. 

S. 2.S  Postwar  SupplemenlaiT'  Equipment  and  Stedloe 

As  in  the  case  of  the  discussion  of  the  World  War  II  program,  considera¬ 
tions  of  space  prevent  a  deUiled  discussion  of  the  many  supplementary  pro- 
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J%U  In  ttt^  0t  oiuennai,  pulee-tnalytlt  cquiptncnt,  and  confusion  and 
dacepticn  davicat,  tHiich  arc  a  neccMary  part  of  tba  ccuntarmatiauraa  re- 
March  and  development  program.  In  general,  postwar  antenna  projects  In¬ 
volve  work  on  Improving  tba  World  War  II  antennas,  on  providing  antennas 
having  special  patterns  and  characteristics,  and  on  supplementary  antenna 
equipment,  such  u  connectors  and  switches.  Pulse  anaiyacn  of  various  types 
are  included,  some  of  which  are  intended  for  use  in  automatic  iMrch  and 
lock-on  systems  for  the  purpose  of  distinguishing  between  friendly  and 
enemy  signals.  Work  on  window  hu  continued,  with  particular  emphasis  on 
the  developnnent  of  Improved  reflecting  materials  and  devices,  and  tba  de¬ 
velopment  of  various  devices  for  dUpenslng  the  chaff. 

Tlic  concept  of  Mturation  by  Um  un  of  decoys  was  introduced  in  the 
poetwar  period.  A  reeearch  and  development  program  to  provide  the  tech¬ 
nical  knowledge  for  active  and  passive  target  enhancement  waa  started,  as 
Will  as  development  programs  for  both  long-  und  short-range  self-prop^led 
decoys.  The  use  of  air-  and  ground-launched  balloons  as  dsc(^  deuces  was 
investigated,  and  developmental  models  were  built  and  tMted.  From  the 
Initial  rimpic  devicM  the  program  developed  into  a  long-range  ground- 
launched  decoy  misaile  and  short-range  air-launched  decoy  missile,  both 
with  ZCM  cqulpnMnt,  to  enhttwe  the  target  return  and  a  chaff  cat»bil!ty. 
The  long-range  decoy  also  was  given  a  limited  Jamming  capaUIity. 

A  new  type  of  pulse-analyser  technique  utilising  mulilgua  etthode-rey 
tubes  has  bMn  developed  by  the  Na*'al  Research  Laboratory.  In  early  1947, 
NHL  began  developing  multigun  cathode-ray  tubes.  This  devel(4>mcn(  cs- 
tabitshod  a  new  generation  of  cathode-ray  tubes  for  mllitsry  application  in 
this  countr>',  resulting  in  Joint  Army-Navy  specillcitions  for  three-  and  five- 
guii,  ftAt-faced,  rectangular  Kresn  tubes  hiving  excellent  performance  char¬ 
acteristics  of  spot  sise,  deflection  sensitivity,  and  ttace  location.  In  1941  the 
flrst  experimental  mulUgutt  signal  analysers  wers  installed  In  a  new  ship  con¬ 
figuration  aboard  the  U.S.S.  Columbtss.  This  equipment  was  later  put  into 
production,  and  was  known  as  the  AN/SLA-1  pulse  analyser.  It  utilised  five 
sweeps  of  different  lengthe,  the  flrst  being  0  to  5  iittc,  the  second  0  to  50 
IMC,  the  third  0  to  1000  /oec,  the  fourth  0  to  5000  /dec,  and  the  fifth 
0  to  50,000  /dec.  An  airborne  version  of  this  same  equipment  was  the 
.\N/APA*74.  Its  characteriitia  were  identical  to  those  of  the  AN/SLA-1 
except  it  was  packaged  for  airborne  application.  The  Army’s  contribution 
to  this  fleld  is  the  AN/ULA-2  developed  by  USASRDL. 

Another  three-gun  airborne  pulse  analyzer,  the  AN/ALA-3,  utilised  expo¬ 
nential  sweep  for  its  displays.  Further  developments  in  Integrated  display 
units  for  pulse  analysis,  direction  flnding,  and  panoramiscc^  presentations 
were  developed  for  the  rapid-scan  equipments  which  later  became  the  AN/ 
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WLR-1  ind  the  AN/ALQ-28.  Here  the  pulM-ftnalyiia  icope  utiUied  one 
exponential  iweep  0  to  10  fieec  long  end  2  two-decide  log  tweepe,  one  10 
to  1000  /me  and  the  aecond  1000  to  100,000  /me  long. 

InvMtigatlon  on  fundanMntal  circuitry  waa  dona  at  NRL  for  demodulating 
all  typea  of  pulae  modulation.  Theae  unite  Incorporated  featurea  for  pulae 
width,  pulae  length,  pulae  period  demodulation,  or  any  ccunbination  of  the 
above.  Alao  included  waa  circuitry  for  generating  a  synchronising  pulse 
when  no  sync  pulae  waa  tranamitted  with  these  ayatenu.  Because  of  the 
highly  apecialiaed  nature' of  these  equipntenta,  only  a  few  modela  of  these 
systems  were  developed  for  very  special  applications,  The  technique:  de¬ 
veloped  were  adt^ted,  however,  for  use  by  other  countermeasuree  groups  in 
miaille  telemetering  demodulation  in  many  specialised  application!. 

2.2.6  Current  Developmonta  in  Vacuuna  Tabes 

The  subject  of  vacuum  tubea  is  of  prime  importance  to  the  counter-mea- 
•urea  research  and  development  program,  and  aome  consideration  ,!  this 
matter  is  therefore  required.  It  is,  however,  difilcult  to  give  a  pic¬ 

ture  of  the  vacuum-tube  situation  without  listing  available  and  d.r‘  .«<oped 
tubea  in  tabular  form.  Numerous  tabulations  of  vacuum-tube  dewiepmenta 
have  already  been  made,  or  are  in  the  process  of  being  made.  The  following 
diacuitlon  will  therefore  be  confined  to  a  summary  of  tha  vacuum-tube  pro¬ 
gram. 

Conventional  tubes  ara  now  available  or  in  the  late  development  stagea, 
for  frequency  rangca  as  high  u  lOOC  Me,  at  the  6-kw  leva]. 

The  CW  magnetron  program  which  waa  established  during  Wf.rld  War  II 
continues.  Msgnetroru  for  the  frequency  range  from  90  to  1300  Me  and 
for  a  power  output  level  of  approximately  150  watts  arc  available  in  limited 
production.  Development  has  been  completed  ou  several  CW  magnetrons 
at  the  i  30-watt  1ml  for  5-band  and  X-band  frequencies. 

In  the  1-kw  range,  difAcuItles  are  still  being  experienced  in  obtaining  satis¬ 
factory  CW  production  tubes  in  sections  of  the  frequency  range  required  by 
the  countsrmsssurea  program. 

In  the  klystron  field,  high-powered  klystron  ampllflcrs  in  the  uhf  region, 
intended  for  uhf  television  applications,  are  available.  .Studlea  are  being 
carried  out  to  determine  whether  floating  drift-tube  klystrons  have  sufficient 
timing  range,  power  output,  and  efficiency  to  serve  as  a  useful  interim  sub¬ 
stitute  for  the  1-kw  magnetron  which  are  being  delayed.  Klystron  amplifleri 
capable  of  pulsed  outputs  in  the  megawatt  range  at  5-band  have  been  suc¬ 
cessfully  produced  at  St.,nford  and  General  Electric,  but  these  tubes  arc  not 
generally  satisfactory  for  countermeasutes  applications. 

Several  varieties  of  Resnatron  oscillators  and  amplifiers  capable  of  high- 
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I  •fflcisncy  CW  pomr  output*  u  high  «i  SO  kw  h  ;e  b*«n  produced  in  the 

form  of  Uboretuy  models.  None  of  tlicM  tubes  has,  hourever,  been  seeled 
off,  and  there  ai^Tears  to  be  no  present  prospect  that  Betled*off  Resnatron 
amplifiers  or  oedllators  having  a  satli  factory  life  will  be  available  in  the 
future. 

A  considerable  amount  of  work  is  now  being  done  on  broedbend  traveling- 
wave  amplifiers  and  dispersive  traveling-wave  amplifiers.  This  includes  work 
at  Stanford  on  dispersive  amplifiers  (for  the  S-121,  AN/ALR-3  receiver), 
I  low-noiie  receiving  traveling-wave  tubes  operating  u  high  a*  X-band,  1-watt 

j  5-band  amplifiers,  ISO-Mc  40-watt  amplifiers  and  lOO-watt  5-band  and 

!  X-band  amplifiers.  Pulsed  belix-typs  iimplifiefs  for  power  outputs  as  high 

,  as  1-kw  have  been  completed  at  Stanford  for  5-band  and  Jtw-band  ^tpUca- 

I  tlonsc 

At  the  present  time  electronically  tunable  oscillators  aud  amplidera,  such 
as  backward-wave  oscillators  and  ca  cinotrons,  are  being  emphaalaed  in 
f  the  program.  It  is  probable  that  tubU  in  these  categoriss  will  be  found 
suitable  for  operation  at  frequencies  oyer  the  entire  spectrum  from  100  Me 
to  the  millimeter  region,  end  at  power  levels  ranging  frons  mUUwatta  to 
kilowatts.  Investigations  of  backward-wavs  oedlllators  at  Stanford  and  Bell 
Ttlephone  Laboratories  have  now  reii|lted  in  the  development  of  tubes  for 
va.ious  frequencies  by  a  number  of  con^nlei. 

’’Carcinoiron”  is  the  name  given  to  a  tube  nf  thla  type  by  its  inventor,  M. 
Wernecke  of  the  Compegnie  G4n£rs!a  de  Taldgraphic  Sans  Fil,  Paria,  France. 
There  are  two  types  of  carclnotron;  a  type  M  carcinotron  which  employ! 
crossed  electric  and  magnetic  fieldi,  pnd  a  type  0  carcl'notron,  which  is 
similar  to  a  backward-wave  oscillator. 

The  General  Electric  Company  add  The  Univerrity  of  Michigan  are 
working  on  an  equally  Important  tube,  the  voltage-tunable  magnetron,  which, 
like  the  backward- vave  oeciilator,  promises  to  have  importapt  counter¬ 
measures  applications. 
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3>1  Intirodnetlon 

The  primary  function  of  electronic  countermeMures  is  to  destroy  the 
utility  of  enemy  communications,  weaptmi,  and  surveillance  devices.  The 
utility  of  these  device?  can  be  destroyed  in  varying  degrees  by  denying 
iniormatlon  or  by  providing  erroneous  information.  The  eventual  rerult  of 
the  UM  of  electronic  countermeasures  may  be  physical  destruction,  as  in  the 
preset**  >•  of  a  mluile  warhead,  or  perhaps  denial  of  mi,  as  in  the  con¬ 
fusion  u  *  teking  radar  system. 

The  bac..  function  of  electronic  countermeasures  has  remained  the  same 
since  its  Itueption,  but  manifold  applications  have  been  made  over  the 
years.  Because  of  the  multiplicity  of  applications,  it  is  helpful  to  coiuider 
various  upects  of  electronic  countermeasures  in  light  of  the  geographical 
basis  of  the  several  phases  of  warfare.  Separate  consideration  of  these  phases 
shows  the  v.’iristions  (in  the  countermeasures)  caused  by  the  parameters 
space,  time,  and  environment.  The  divisions  of  this  chapter  are  based  on 
geographical  environment:  {!)  airborne  ECM,  (2)  ECM  in  surface-type 
naval  operation,  (3)  ECM  in  air  defense,  (4)  ECM  ar>d  ground  operations, 
(S)  ECM  and  underwater  operations,  and  (6)  ECM  in  space.  In  the  subse¬ 
quent  chapters,  the  nvaterisl  has  beisn  organised  on  the  basis  of  technical 
signiftcance.  The  reader  will  recognise  that  many  techniques  are  used  in  all 
six  of  the  areas  of  warfare  mentioned  above.  However,  the  various  para¬ 
meters  and  special  problems  make  the  geographical  breakdown  useful. 
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S.S  Aliborn*  ECM  SyttonM 

5.2.1  Gmera!  ECM  Fnncslons 

Electronic  countermoMures  perform  twc>  ibaert!  functlona  in  aircraft!  (1) 
deiense  and  (i)  reconnaisaance-  The  electronic  defenie  of  an  aircraft  in* 
ciudeg  active  and  paisive  mesna  for  defeatint  t  'ackinc  wtapona  relyin* 
on  electronic  detection,  aiming,  fusing,  or  guidance  metbcdi.  The  recme* 
naissance  or  data>ga\'hering  function  provides  information  on  the  types  of 
signals  and  their  sources  for  either  tactical  or  technical  uses.  In  a  given 
aircraft,  both  defensive  and  reconnaissance  functlona  are  usually  combined 
in  varying  degree  to  suit  the  mission  requirements.  An  aircraft  primarily 
intended  for  reconnaissance  nevcrthelees  requires  defensive  jMOtettlon.  Sim" 
ilarly,  in  a  misaion  with  no  data*gathering  functions,  some  information  cn 
the  sigr,al  environment  is  needed  to  operate  the  defensive  equipment.  Since 
the  aircraft  must  survive  to  accomplish  its  mission,  eufflcient  defensive 
strength  to  assure  the  necessary  survival  probability  Is  the  primary  ECM 
consideration.  Attack  on  an  aitcrait  penetrating  a  defended  area  U  con¬ 
trolled  by  early  warning  (EW),  surveillance,  airborne  intercept  (AI),  and 
:  do.;;*  tracking  radars.  Communication,  guidance,  and  fusing  aignals  may 
daii  be  eisontial  to  the  attacking  r.’eaponi.  The  cflectiveness  of  various 
electronic  countermeauiurH  In  ptotecting  aircraft  iMuetrating  enemy  de* 
fenses  can  be  very  great.  Conversely,  improper  use  of  countermeasui'cs  can 
destroy  the  often  vital  element  of  surprise  and  assist  intercepting  weapons 
in  finding  their  targets. 

Countertneuures  available  for  aircraft  defense  and  airborne  reconnais¬ 
sance  equipment  are  considered  separately  in  the  first  sections  to  follow, 
and  Anally  in  combination  to  form  system* 

8.2.2  CciinlerineaeurM  againat  Early  Is^amlnq;  (EW)  Radsura 

Detection  must  precede  any  attack;  hence,  avoiding  detection  is  the 

earliest  rountermeesure  at  the  disposal  of  the  aircraft  defeniw.  Early  warn¬ 
ing  (EW)  radars,  on  the  surface  or  airborne,  Artt  detect  approaching  air¬ 
craft.  Therefore,  evading  detection  by  such  radars  constitutes  the  initial 
step  in  aircraft  defense. 

The  maximum  detection  range  r  of  a  given  radar  is  proportional  to 
where  a($,  4)  Is  the  echoing  area  for  the  particular  aspect  (0, 
presented  to  the  radar;  to  halve  the  range,  r,  a(0,i)  must  be  reduced  12  db. 
Thus,  even  modest  delays  in  detection  can  only  be  purchased  by  order-of- 
magnltude  reductions  in  aircraft  reAections.  These  reAections  are  critically 
dependent  on  the  angles  (0,<^),  and  may  vary  as  much  as  or  more  than 
±20  db  from  maximum  to  minimum.  If  detection  is  to  be  escaped  during 
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lli^t  over  Ml  ure«  or  perimeter  defended  by  ntdars  lepertted  by  &  eptcing 
R,  the  detecCcn  r&n|e  mutt  be  reduced  to  r  <  A/2,  The  problem  cf  reduc* 
i»l  v(d,  iufHclently  to  accomplish  this  ttvcr  the  probable  rsnfei  of  fre< 
quency  and  angle  is  severe.  ’Fhe  resultant  penalty  in  aircraft  performance 
widt  techniqi;ies  currently  available  becomes  exceeslve,  eves  ihough  the  only 
counter-ccuAtermeasurM  are  to  make  more  tensitive  radars  or  to  space  them 
more  closely. 

Hiding  the  aircraft  In  a  cloak  of  radar  invisibility,  although  potentially 
most  effective,  therefore  appears  unfeasible  against  a  well*deelgned  defensive 
perimeter.  Failing  this,  the  next  best  choice  might  be  to  conceal  ona  or  mort 
aircraft  behind  a  cloak  which  Is  Itself  visible,  but  obscures  the  nature  and 
location  of  the  true  targete.  Tltls  alerts  the  ground  defense  that  penetra¬ 
tion  of  its  domain  is  under  way  or  in  preparatlcn,  but  withholds  vital  in- 
fbupation  on  target  locations  and  charact^  *<«t!ci.  Sudi  a  cl^'ak  may  be 
produced  by  either  active  or  passive  memu. 

If  a  substantial  vrdume  surrounding  the  ircraft  Is  ^lled  with  reflecting 
elements,  i.e.,  with  chaff,  the  aircraft  echo  t^^ncealed  in  ui  directions  1^ 
Uie  profusion  of  spurious  echoes.  Suslt  «  corridor  must  be  sowed.  However, 
the  sowing  vehiclea  are  also  partially  concssled  by  the  rsflectors  thsy 
dispense;  their  pretence  can  only  be  deduced  as  being  near  the  end  of  the 
corridor. 

The  sowing  of  a  corridor  or  group  of  corridors  is  an  c'aborata  operation 
which  reduces  the  tima  and  space  available  for  a  given  mlsslofi.  Depending 
on  the  type  of  weapon  deployed  .against  a  penetration  misalon,  this  may  or 
may  not  have  adverse  effMts  un  survival  probability.  Generally,  the  cii^r 
the  weapon  control  from  tho  ground,  the  more  effective  the  corridor  tech¬ 
nique  becomes.  Against  MTP  equipped  radars,  the  corridor  technique 
increases  the  background  clutter,  and  hence  reducee  the  usable  range.  In 
areas  with  large  changes  in  wind  velocity  at  various  levels  (wind  shear), 
MTI  radars  are  particularly  vulnerable.  In  gennal,  the  presence  of  chaff 
severely  hsmpere  the  EW  radars,  and  various  types  of  MTI  offer  only 
partial  protection  to  the  radars. 

The  radar  echo  from  an  aircraft  also  may  be  masked  by  Jamming  signals. 
These  simply  override  the  true  return  in  the  receiver  input  circuits.  The 
resulting  strobe  display  pattern  is  easily  recognised,  and  can  usually  be  made 
to  yield  aslmuth  information.  The  absence  of  r'lnge  data  in  the  strobes 
prevents  direct  target  location,  since  triangulation  from  multiple  radars 
produces  many  spurious  solutions. 

A  barrage  noise  jammer  raises  the  noise  level  over  a  broad  frequency 
spectrum,  Including  the  receiver  acceptance  band,  to  a  level  determined  by 

eMcvtog-Urset  IndlcBtlon. 
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the  Jassmint  ilftwl  streagtb  at  the  receiving  a&tesna.  Thb  la  equivalent  to 
inctvaaSne  the  nolle  ^gure  of  the  receiver,  deierioratea  the  radar  pe> 
fcnnance  In  the  aame  manner.  When  puaaed  far  saou^,  thia  “brute  force” 
or  thermal  nnethod  can  render  Ineffective  active  radar  operatione  by  raiaiiv 
the  background  nolae  to  intolerable  levela.  Negation  of  warning  radara  by 
barrage  jamming  la  a  relativ^y  lure  method,  but  requirte  maaaive  power 

cover  much  of  the  a'.'allable  apectrum.  The  barnge  method  alao  InviteB 
the  uae  of  counter-eounteramaui’ea,  Includli^  apecial  trlanpuatioo  pro¬ 
cedure!  and  correlation  recelvcra  for  locating  indS^ual  jammeri. 

The  bruad-acale  ccunicrmeaaurea  agalnat  wamli4  radara  dlKuaied  ao 
far  make  little  uae  of  ipeciAc  propertlea  of  the  radar.  Ey  eooseslratlng  the 
effort  on  a  particular  aapect,  economy  in  jamming  can  b«  achieved.  SprsUal 
concentration  invc^.vei  placing  the  jammer  power  only  in  bands  occupied 
by  enemy  radara.  ThU  reaulta  in  orders  of  magnitude  greater  spectral  ef- 
flclency,  i.«.,  many  times  the  useful  jamming  signal  par  watt  of  tranemitter 
power.  A  narrowband  or  ipct  j&mmer  must  be  set  os  the  radar  q^ting 
frequency.  Automatic  aet-oa  circuitry  tc  do  this  ia  j^mplex,  and  often  easily 
defeated  by  too  many  signals,  or  agile  fraquer.cy  chansing  by  the  radar. 
Preset  or  manual  aet-on  for  spot  jamming  is,  of  course,  evea  more  easily 
countered  In  the  Hkvtm  fashion. 

Most  efficient  in  principle  is  the  ccncentration  in  both  frequency  and  time 
achieved  by  the  deception  repeater  or  tranaimndsr.  Here,  puiaat  In  addition 
to  the  true  echo  are  transmitted  to  product  many  false  returns.  The  false 
targets  may  simply  appear  rather  randomly  to  confute  the  radar,  or  they 
may  be  carefully  prograriomed  to  have  realistic  courses.  Both  the  timider 
confusion  device  and  the  complex  programmed  repeater  usually  entsr  the 
radar  critsnna  through  its  minor  Ic^,  and  can  be  countered  by  the  proper 
rejection  circuitry.  In  the  abeenre  of  such  circuitry,  changes  in  targk  kae 
and  scintillation  may  enable  an  experienced  operator  to  separate  true  and 
false  targets. 

For  every  target  on  the  display,  the  radar  operator  must  make  a  decision: 
is  it  a  true  target  or  false?  If  a  true  target  ia  considered  false  there  will  be 
no  interception,  hence  a  minimum  of  incorrect  dreisiona  by  the  radar  oper¬ 
ator  III  mandatory,  Alternatively,  false  targets  accepted  u  true  dllutt  the 
available  intercepting  forces.  If  the  total  number  of  targets  accepted  as  true 
exceeds  the  capacities  of  the  intercepting  forces  available,  saturation  of  Uie 
ground  defenses  may  cause  a  breakdown  in  the  normal  tactics  and  prevent 
proper  assignment  of  weapons  to  bomber  targets.  False  targets  produced  by 
electronic  means  can  be  Identified  with  sufficiently  elaborate  circuitry  or 
possibly  by  carefully  trained  operators.  A  relatively  sure  method  of  provid¬ 
ing  the  requisite  number  of  targets  is  to  use  small  decoy  aircraft  In  large 
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t  niunbcirf  intenpcrMd  with  th*  bombor  force.  Within  limits,  kmU  and  cheap 

decoy^a  can  be  provided  with  enhanced  echoing  power  to  render  them  in- 
dietinguiahable  from  bomben  for  the  radar.  Rather  elaborate  changca  in 
the  early  warning  radar  iystem  may  be  required  to  circumvent  the  decoy 
problem.  One  such  change  nJght  be  the  uie  of  bistatic  radara  to  identify  the 
highly  d!?§€tlv*  o!  corasf  rfflsctoff  !s  6!!h&sc!s£  th® 

1  de^echo. 

8.2«t  Conatormaaattiwe  agnieet  Airborne  latereept  (A!)  end 
'IVaektng  Madore 

Reduction  in  the  effKtivc  range  of  airborne  intercept  (AI)  radars  has  an 
effect  similar  to  a  proportional  reduction  in  r/ariy  warning  range.  In  both 
cates,  less  distance  from  the  target  is  needed;  in  the  airborne  inetance  this 
means  nc^.  only  more  radars,  but  also  more  interceptor  aircraft.  Complica- 
*  tions  such  as  !!dT£  are  also  greatur  pensitiee  in  airborne  equipment,  D«)!al 
of  range  iriisrriiation  by  ban&ge  or  Jmnimerg  <«  of  less  Impc-rtan^  since 
I  asimuih  data  may  buMm  for  the  interceptor  to  cIom  the  range.  On  the  other 

[  httui,  a  false  taiget  acerptsd  as  true  for  only  a  short  time  may  place  the 

I  interceptor  or  mlacile  on  a  course  from  which  the  target  can  no  longer  be 

I  reached  with  available  fuel  supplies.  The  poselbility  of  homing  on  barrage 

I  Jammere  must  also  be  considered.  Intercept  operations  can  be  facilitated  by 

strong  barrage  signals,  if  the  inten^tor  is  equipped  to  home  on  them. 
However,  the  homing  capability  must  always  be  auxiliary  to  some  other 
acquisition  and  tracking  syatem.  In  a  sense,  homing  is,  therefore,  a  second- 
Una  threat. 

As  the  range  is  dosed,  the  intercepti.ng  aircraft  or  missile  switches 
from  the  search  to  the  tracking  mode  of  Its  AI  radar.  At  this  late  point  in 
the  engagement  various  ochemn  for  breaking  lock  in  the  tracker  remdn. 
A  tracking  radar  provides  accurate  range  and  admuth  data  to  direct 
weapoiu  to  within  lethal  radii  of  the  target.  Therefore,  an  aircraft  being 
tracked  by  one  or  more  hostile  radars  is  probably  in  acute  danger,  Aircraft 
defense  systems  assign  correspondingly  high  priority  to  countering  a  tracker 
j  once  it  locks  on  its  target. 

High  antenna  gain  and  range  gates  concentrate  the  effective  radar  power 
in  space  and  time.  This  makes  it  difficult  to  cope  with  the  radar  once  it  has 
locked  on  target.  The  time  available  for  dislodging  the  tracking  radar  is 
also  short.  In  return,  the  time  for  reacquisitlon,  once  tracking  h  broken,  Is 
even  shorter.  At  close  ranges,  any  protracted  break  or  error  in  the  tracking 
;  date  can  result  in  a  complete  loss  of  the  target. 

-  For  many  probable  angles  of  illumination  by  a  tracking  radar,  it  is  pos¬ 
sible  to  sharply  reduce  the  aircraft  radar  cross-section  by  suitable  shaping 
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cf  m«Ul  furfiices  itnd  th«  u«e  of  aMcrbing  imtortfils.  Th«  resultlof  r^uc- 
tbQ  In  echo  ficitltatn  Um  function  of  Jnminen.  Ovcrpoworit^  a  txacking 
radar  by  noira  Jaeimlnt  !i  difficult  iwIaM  aided  in  tUa  maiuiei'  becauae  of  tiM 
power  requirentenU.  However,  acveral  aehemM  cucccaafuliy  utiliw  apedflc 
characterittica  of  the  tracker.  IlMNe  include  chaff,  nii|e*|a.te*grabbei  and 
inveiM  gain  repeaters.  In  each  case,  (he  radar  b  pulled  off  the  true  target 
and  forced  to  search  again  to  SrJ  it.  In  eadi  case  it  b  also  poasi^  to  pro¬ 
tect  the  radar  against  the  countermeasure  to  a  contiderable  degree,  altbrngh 
not  completely.  Thb  protection  is  purchased,  however,  by  complexity  which 
nuty  be  unacceptable  in  very  comj;»ct  systems. 

The  use  of  phase  conparison  (interferometer)  sertiers  in  mlieilei,  and 
various  other  nocscanning-type  trackers  poees  ^secial  problems  in  o^uster- 
nvMsurcs.  Noise  Jamming  can  destroy  range  data,  but  the  radar  b  geoeraliy 
able  tc  track  t^  noise  source  without  difficulty.  However,  the  natural 
linitation  of  tracking  in  the  form  of  target  scintiilatlon  or  glint  can  be  en¬ 
hanced  to  Jam  i^hase  comparators;  by  utllbing  several  widely  spaced  an- 
tosnu,  a  false  phase  front  can  be  generated  which  produces  a  small  iiyiubr 
error  in  tracking.  Changing  the  tilt  of  this  false  phase  front  introducei  an 
Ofciilatlng  angular  error  into  the  tracking  antenna.  The  dynamics  of  tbs 
tracking  servo  system  can  then  be  utilised  to  produce  brge  angular  excur¬ 
sions.  The  locus  of  these  excursions  can,  by  proper  location  of  a  leut  tbrra 
sources,  be  made  to  Ue  fer  from  the  target  at  all  timec. 

A  related  tactic  b  feasible  against  infrared  seekers  wdtkb  home  on  the  hot 
surface  of  the  aircraft.  If  the  tracker  can  be  made  to  follow  a  bright  decoy 
flare  for  a  brief  interval,  the  large  angular  error  introduced  n»kM  it  diffi¬ 
cult  for  the  seeker  tc  ircccquire  tho  true  target  in  the  time  available.  Doth 
the  limited  Acid  of  view  and  the  servo  dynamics  of  infrared  aedkera  offer 
poesibb  fields  for  countermesfuret. 

CommnnlenUou,  Guidaoee,  and  Fuse  CounlwnnMMHirM 

Unless  the  acquisition  range  of  missile  seekers  or  AI  radars  b  very  large, 
additional  guidance  from  the  ground  is  required  to  schieve  contact  between 
attacking  weapons  and  the  aircraft  under  attack.  For  manned  interceptors, 
guidance  may  be  by  voice  command,  or  by  data  link.  In  automatic  lystcma, 
data  Is  transmitted  over  a  special  link,  which  may  consist  of  coded  pulsee 
from  the  ground  tracking  or  surveillance  radar.  lliiiH  intermediate  stage  of 
cont.ol  or  midcourse  guidance  occupies  a  ipecbl  position  in  countermeasures 
for  aircraft  defenM. 

Where  the  information  is  transmitted  in  unceded  form  by  relatively  low- 
power  omnidirectional  ground  stations,  the  link  can  be  broken  rather  easily. 
The  result  is  that  interceptors  must  follow  preassigned  courses.  Such  "broad¬ 
cast'’  or  "single-vector"  control  materially  reduces  the  probability  of  inter- 
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capt.  Howavtr,  the  Junmar  may  narva  as  a  baacon  ii  tha  attacking  aircraft 
Is  equipped  wS^  homing  aquipmant. 

By  communicating  ovar  a  directional  channel,  such  as  a  tracking  radar, 
j  or  by  suitably  mcoding  tha  data,  tha  iround  station  can  secure  r^hh  eon- 

I  tact  with  an  interceptor  or  miasila.  Thus,  the  ground  operator  can  conilna 

j  hb  transifllsiloiii  in  time  or  frequency,  as  well  as  in  solid  aa|!e,  lo  as  to 
j  place  the  airborne  Jammer  at  a  great  disadvantage, 
j  Because  of  the  widdy  differing  results  vdikh  can  be  realised,  Jamming  of 
<  conununication  and  guidance  links  demaiids  particular  attention.  The  rather 
geiieral  principles  applying  to  various  types  of  radar  countermeasures  must 
,  be  replaced  by  sp^fle  rules  applying  to  each  particular  sJtuatloo.  For 
exanq^le,  airborne  communications  Jammers  have  been  used  with  success 
against  sntmy  tactical  ground  commudeatiom,  such  aa  betwsen  tanks. 

Jamming  the  fuie  of  a  mbsile  by  preflrlng  or  inactivating  is  the  last 
rscourM  available  in  aircraft  defenae.  Certain  types  of  active  fuses  ars  sus> 
I  esptibb  to  Jamming,  However,  a  fuse  Is  labsrently  a  !ow<!nformatioa  de- 

I  vIm;  it  need  only  not#  Its  anrlval  an  a  predeten^ned  surface  about  the 

I  target.  The  antennas  and  circuits  to  achieve  tbb  can  be  specbllaed  to 
t  narrow  beamwidthe  and  narrow  bandwidtks,  respectively,  with  resulting 
high  countermeasures  resbtaiice.  Bscause  of  the  low  probaUUty  of  encoun* 
j  tering  both  an  active  Jammable  fuse,  and  of  being  able  to  cause  its  mal¬ 
function,  fuse  Jamming  occupiee  a  minor  place  In  aircraft  defense.. 

8«9tS  SleclromagiMde  Reeoanaleeanee 

Reconnabsance  or  “Ferret”  missions  are  flown  to  acquire  information  on 
the  electromagnetic  radiatimi  from  eiicmy  sources.  Two  brotd  classes  of 
information  are  generally  sought,  namely,  detailed  technical  intelligence 
Information  giving  inaight  on  n^tw  enemy  equipments,  and  "order-oi-battle” 
j  information  for  imnwdbte  tactiotl  evaluation.  Actually,  there  b  considerable 
overlap  between  the  two,  notably  because  of  the  desire  for  detailed  Informa¬ 
tion  on  particular  enemy  equipments  for  tactical  purpoees.  The  technical 
intelligence  mission  seeks  maximum  information,  end  hence  takes  aa  much 
time,  space,  and  equipment  as  b  permissible.  A  large  aircraft  loaded  with 
electronic  equipment,  and  supported  by  extensive  ground-anaiysb  apparatus, 
may  be  needed  for  such  a  mission.  Some  ”order-of-battl«”  Information  may 
be  gathered  by  simpler  apparatus  end  is  often  flown  as  part  of  another  mis¬ 
sion.  On  the  other  band,  for  oompieij  coverage  of  all  signals,  the  order-of- 
battle  data  desired  approaches  that  for  technics  intelligence. 

Three  principal  types  of  Information  are  present  in  radio  signals:  (1)  fre¬ 
quency,  (2)  modulation,  and  (3)  source  location.  To  these  must  be  added 
signal  strength  and  the  all-important  criterion  of  presence  or  absence.  The 
accuracy  required  in  distinguishing  the  type  and  nature  of  information  deter^ 
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mlRM  ths  type  of  equipment  used,  end  hence  the  neture  of  the  mission. 

A  high'ffyinf  eircrtft  is  exposed  to  a  tremendous  numbsr  of  sfuneii.  The 
largest  end  perhspe  most  importent  class,  reder  sifnals,  may  number  in  the 
thousands,  ^th  fewer  communication,  navigation,  identification,  guidance, 
and  Jamming  signals,  To  cope  with  this  mass  of  information,  some  means  of 
selection  U  required.  The  particular  chotce  of  selection  process  determifiao 
to  r  large  extent  the  capabilities  of  the  ECM  system  employed. 

The  slntplMt  type  of  system  is  the  activity  indicator.  Here  the  ss.  is 
based  on  amplitude  only:  an  omnidirectional  antenna  (in  the  horisoBtal 
plfute)  and  a  br*'  k  nd  receiver  are  coupled  to  a  threshold  device.  The 
primary  lue  of  U  stem  it  as  a  warning  device  and  actuator  of  aircraft 
Meiue  systems.  Signal  amplitude  Is  a  measure  of  range,  and  hence  of  danger 
to  the  aircraft.  By  setting  the  threshold  at  a  high  level,  only  the  strongest, 
and  hence  potentially  most  dangerous,  signals  ars  accepted.  However,  none 
of  these  arc  missed:  the  intercept  pro^bility  for  dangerous  signals  is  unity. 

A  more  coniplex  receiver  is  included  in  automatic  Januning  systems.  Here, 
the  warning  receiver  is  expanded  to  detcrmlite  whether  the  signal  is  indeed 
a  dangerous  type.  If  the  answer  is  affirmative,  the  receiver  output  actuates 
defensive  measures. 

Simple  direct-detection  receivers  provide  adequate  sensitivity  for  dstecling 
the  midn  beam  of  radars.  Minor  lobes  from  radars  and  also  most  other 
signals  are  below  the  noise  level  except  at  cloae  ranges.  The  number  of 
signals  tlse  syn^m  must  accommodate  is  much  reduced  by  the  lower  sensitiv¬ 
ity,  but  nt  <«rthr!«is  hundreds  of  pulses  per  second  may  be  received.  Some 
selection  In  frequency  can  be  accompU^ed  without  sacrifice  in  intercept 
probability  by  parallel  filters.  Multiple  directive  antennas  similarly  provide 
selection  In  aximuth.  Pulse  coincidence  circuits  between  frequency  and 
angle  selection  permit  Identification  jf  pulses  by  both  criteria.  Selected 
puUee  sorted  in  carrier  frequency  and  aximuth  angle  may  be  itoired  directly 
on  tape  or  film.  Additional  analysii  may  also  be  performed  at  the  tinw  of 
reception  to  categorise  the  types  of  pulses,  and  thereby  further  reduce  the 
data  remaining  for  final  study. 

A  broadband  nonsrannlng  system  of  the  general  type  described  provides 
data  on  the  number  and  location  of  ul)  riidars  illuminating  the  aircraft.  This 
information  satisfies  the  most  urgent  tactical  requirements.  Some  additional 
information  Is  provided  on  the  nature  of  the  signals,  and  hence  on  the 
probable  typea  cf  radars.  This  Is  of  value  for  both  tactical  and  technical 
evaluation  purposes.  The  entire  system  can  generally  be  made  compact,  and 
suitable  for  installation  in  smaller  vehicles  or  as  supplementary  equipment 
In  larger  aircraft. 

A  basic  problem  of  electronic  reconnaissance  lies  In  the  huge  amount  of 
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Infoniuitii»  svftilable  to  b«  «xtt«ctcd  from  the  tlgnali  within  the  ninie  of  • 
ieurJUve  receiver.  A  relatively  simple,  eeniitive,  and  leltctlve  receiver  is 
the  superheterodyne.  However,  its  high  sen4Uvity  is  purchased  at  the  price 
of  intercept  probability,  as  can  be  leec  from  the  simple  considerations  below. 

Receiver  noise  places  a  lower  limit  on  the  detectable  iifn*l  strength.  For 
a  given  false-alarm  probability,  the  miniimum  detectable  signal  strength  is 
proportional  to  the  effective  receiver  bandwidth,  and  invereely  proportional 
to  the  antenioa  gain.  Evidently  the  meet  sensitive  systems  aro  ^ghly  selec- 
tive  in  both  frequency  and  solid  angle.  Such  syitenu  often  require  a  r^- 
tively  long  time  to  cover  a  broad  frequency  spectrum  and  solid  snglc. 
Thertfore,  their  probability  of  Intercepting  signals  periodic  in  time  can 
beconM  small.  In  the  cast  of  signals  from  scanning  radars,  ths  radar  scan 
periodicity  is  eftectively  eliminated  by  sensitive  receivers  which  receive 
signals  from  ths  minor  lobes  of  the  radar  antenna.  For  other  typ(»  of 
pariodicity,  such  as  intermittent  operation,  added  sensitivity  cannot  com¬ 
pensate  for  the  slow  rate  of  coverage  or  slow  receiver  scan, 

Given  indeflnite  time,  the  single  channel  superheterodyne  car  locate  and 
identify  all  signals  in  sequence.  In  the  transient  situation  of  an  aircraft 
flying  rapidly  over  areas  containing  periodic  sources,  only  a  sample  can  be 
obtained.  This  is  particularly  true  !f  a  swept-frequsney  receiver  is  coupled 
to  a  scanning  direction  flnder. 

Alternative  systems  involve  many  parallel  channels  with  broadband  tra¬ 
veling-wave  ompllflcatlon.  Supplementary  tuning  is  then  required  to  deter¬ 
mine  the  frequency.  Systems  with  very  fut  sweeps,,  with  separate  direction 
Anders,  with  many  parallel  channels,  and  various  other  combinations  have 
been  proposed  to  provide  greater  resolution. 

For  systems  intercepting  many  signals,  the  analysis  cf  the  data  Is  a 
difficult  task.  Video  recording  and  subsequent  ground-based  analysis  affords 
the  most  complete  results.  Limited  airborne  analysis,  followed  by  recording 
of  selected  signals,  perhaps  at  an  operator’s  di.scretlon,  facilitates  handling 
the  mass  of  signals,  and  permits  concentrating  on  the  important  ones. 

8.2.6  ECM  Systems  for  Aircraft 

The  link  between  reconnaissance  and  aircraft  defense  is  the  warning  sys¬ 
tem.  This  may  consist  of  special  receivers  and  Inirared  detectors  which 
actuate  the  defe.nse  equipment.  The  presence  of  certain  types  of  signals 
above  a  preKribed  threshold  level  lulAces  to  determine  the  need  for  chaff 
ejection  or  barrage-jamming  operations.  More  complicated  jammers  carry 
tnelr  own  integrated  receiving  sj'stems  which  provide  the  necessary  input 
data  such  es  frequency  and  modulation  for  correct  jammer  operations. 

In  B  broader  sen.se,  the  information-gathering  (sensing)  function  should 
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be  coupled  to  the  (’^lenaive  Ctjuipnient  (action)  through  a  computer.  Here, 
the  Input  data  on  the  Inita/itaneoua  eituailon  If  proceurl  and  an  optimum 
over-ai!  dcfeniive  procedure  calculated  according  to  predetermined  criteria. 
Thii  permita  coordinating  all  deieneive  meant,  including  aircraft  nMnevven, 
defemlve  Are,  and  the  varioua  eliec‘*aoic  countermoacuna.  The  very  ahoit 
duration  of  an  engagement  between  tuperronlc  ve&kles  requirae  eu^  an 
electronic  programming  of  the  defcnae. 

The  number  of  potentially  uteful  ECM  functloni,  both  defeniivo  and 
information  leddng,  ia  to  large  that  no  single  aircraft  can  perform  all  of 
them.  A  compromlM  mutt  therefore  be  medc  in  choosing  the  ECM  debil¬ 
ity  for  a  particular  aircraft  and  mission.  Space,  weight,  and  interference 
with  other  equipment  are  the  principal  limiting  factors.  IIm  qMtce  for  elec¬ 
tronic  equipnwnt  in  aircraft  it  limited,  and  often  unfavorably  located.  This 
is  particularly  true  In  the  case  of  controls  and  antennas.  Controls  can  be 
eliminated  to  large  extent  by  prooer  dcelgn  and  automatic  operation.  Un¬ 
fortunately,  antennas  for  many  important  functions  may  require  the  iame 
space  on  the  aircraft  surface.  Multiplexing  it  a  partial  solution  to  this  prob¬ 
lem,  but  often  limits  the  availability  of  equipment. 

Interaction  between  various  equipments  that  can  be  carried  elmultancouely 
usually  occurs  via  power  supply  or  antenna.  Operating  all  equipment  at  once 
may  overload  the  generator  capacity.  Antenna  interaction  between  receivers 
and  radars  can  often  be  blanked  out.  Jammers  can  be  trswted  in  a  similar 
manner  by  blanking  certain  frieitdly  frequency  regions  in  the  jamming 
spectrum. 

Weight  peritlties  are  measured  directly  in  reduced  aircraft  performance. 
Each  pound  of  defensive  ECM  equipment  mtut  therefore  be  evaluated  in 
terms  of  its  contribution  to  the  probable  success  of  the  mission.  Reconnaia^ 
sance-type  equipment  is  perha|M  best  evaluated  in  terms  of  the  number  of 
aircraft  required  to  produce  the  desired  information. 

8.S  ECM  in  Sturfoew-Type  Navel  Operations 

8.3.1  Surface  ECM  Functions 

Surface  warfare  at  sea  is  inseparably  linked  to  air  operations.  As  a  result, 
shipborne  systems  are  closely  integrated  with  airborne  equipment.  Recon¬ 
naissance,  for  example,  proceeds  best  from  the  sir,  and  an  exclusively  ship- 
borne  intercept  system  would  have  limited  coverage.  Sitnilariy,  no  defense 
based  exclusively  on  shipboard  equipment  is  probable.  The  over-all  scoim 
of  fleet  defense  therefore  is  broader  thari  either  surface  or  air  operations 
taken  individually.  The  role  of  ECM  in  surface-type  operations  is  cor¬ 
respondingly  complex.  Integrated  systems  for  surface  ECM  hsve  not 
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•voivtd  to  pkralltl  tlrborm  ayitema.  NtvcrthcItM,  individual  functiona  havt 
baan  highly  davalopad,  ^od  thaaa  will  ba  mantlonad. 

Targata  and  tlma  acs'  In  aaa  warfara  diffar  aigniflcantly  from  thoae  far 
airborne  ayatama.  Sonn  ..alpa  have  very  larga  radar  croaa  aactlona,  but  aub* 
marinaa  can  raduce  thair  acho  to  aero.  For  low  anglaa  of  attack,  tlte  horiaon 
and  aaa  clutter  hamper  radars.  However,  from  high  altitudes,  the  uiilform 
surface  of  the  sea  provides  a  nearly  perfect  background  for  detecting  surface 
vaaaala.  Ships  move  slowly  when  compared  with  aircraft,  and  the  duration 
of  engagenuRtta  ia  therefore  longer.  The  inter^>al  during  which  reconnaissance 
data  can  be  gathered  is  also  longer,  except  in  the  case  of  aubmeralble  targeti. 

To  grapple  with  the  wide  range  of  conditioiu  to  be  encountered,  seaborne 
ECM  equipment  must  have  hi|d>  performance  and  flexibility.  Fortunately, 
the  space  and  weight  requirements  for  antennas  and  equipment  aid  some* 
what  less  severe  than  In  airborne  applications.  The  equipments  and  taetks 
for  surface  ECM  at  sea  are  discuss^  below.  The  general  topics  considered 
show  close  parallelism  to  the  airborne  situation.  However,  the  details  and 
emphasis  differ  materially. 

Reducing  radar  visibility  cr  echo,  and  providing  false  echoes  are  both 
potentially  effective  countermeasures  against  radars.  At  sea,  the  application 
of  nonreflecting  materials  is  sometimes  hopeless,  sontetimes  highly  effective. 
Thus,  the  echoing  area  of  a  1000>foot  vessel  might  be  many  acres.  A  reduc¬ 
tion  sufficient  to  affect  the  detection  range  seems  out  of  reach  in  this  csss. 
In  contrast,  a  subnutrins  periscope  and  breathing  tube  can  be  effectively 
concealed  by  an  absorbing  coat.  The  combination  of  a  anwli  echo  and  the 
surrounding  sea  clutter  makes  a  concealed  periscope  very  difficult  to  detect 
by  radar.  In  ships  of  small  and  intermediats  siie,  ths  possibility  sxists  of 
r^uclng  or  fccusir,g  the  return  by  absorbers  or  flst  lurfacss. 

The  smoke  screen  familiar  to  naval  operations  In  past  years  has  a  radar 
counterpart  in  chaff  clouds.  In  surface  warfare,  such  clouds  are  difficult  to 
sow  and  control  because  of  wind  conditions  and  settling  rates.  The  use  of 
discrete  false  targets  or  decoys  on  or  above  the  surface  of  the  sea  is  a  more 
effective  way  of  concealing  true  targets.  A  host  of  false  returns  from  decoys 
provides  almost  complete  protection  if  decoy  and  target  are  indistinguishable 
to  the  radar. 

A  noise-modulated  Jamming  signal  obscures  range  Information.  However, 
tho  azimuth  of  the  jammer  can  usually  be  determined.  In  air-to-air  engage¬ 
ments,  the  relative  speeds  and  ranges  of  attacker  and  victim  aircraft  are 
such  that  range  data  is  needed  to  plot  the  required  intercept  course.  Homing 
on  an  asimuth  heading  is  effective  only  when  tho  attacker  has  a  large  speed 
advantage.  In  an  air-tu-surface  engagement,  this  speed  advantage  exists. 
Hence  noise  jammers  offer  limited  protection  against  air  attack  on  an  iso- 
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lated  ahip.  On  the  other  hand,  a  powerful  noiec  jammer  can  obecurc  the 
number  of  tarfets  In  its  vicinity  by  saturating  the  victim  radar  receiver.  In 
the  case  of  surface  search  radars,  denial  of  ring»  information  and  obscuring 
of  the  number  of  targets  materially  reduces  the  value  of  the  radar. 

The  noise  Jammer  by  Its  own  radiation  providec  an  asimuth  heading  for 
the  attacker.  This  vulnerable  feature  is  eliminated  In  a  properly  (grated 
deception  jammer.  This  makes  dictation  equipment  attractive  for  defending 
individual  shlpa.  The  space  available  on  shipboard  also  makes,  feasible  more 
complicated  techniques  than  might  be  luable  in  aircraft.  Azimuth  repoaters 
against  search  and  bombing  radars,  as  well  as  various  range  and  angle 
repeaters  against  trackers,  therefore  are  potentially  effective  ccmpcinenti  of 
•hip  defense.  Relatively  simple  transponder*  and  repeater-type  d^ces  miiy 
be  used  on  dect^s  to  enhance  the  return  and  thereby  improve  the  target- 
deception  effect. 

Active  Jamming  against  enemy  communications  has  iimlted  utjfulness  in 
operations  involving  surface  vessels.  The  presence  of  a  strong  jamming 
signal  may  provide  long-range  homing  information  which  assists  the  attacker 
more  thaa  he  is  hindered  by  the  jamming  of  his  communications.  After 
direct  contact  has  been  citabliihsd  between  the  attacker  and  taiiet,  com¬ 
munications  are,  of  course,  no  longer  necessary. 

Long-range  miuiles  employ  a  variety  of  guidance  and  navigation  signals 
which  are  susceptible  to  countermeasures.  With  sufficient  Information  on 
codes  and  frequencies,  th<t  missile  can  be  denied  vital  informsticn  and  pos¬ 
sibly  can  be  given  false  dsta.  Shorter-range  missiles  with  line-of-sight  guid¬ 
ance  by  beam-rider  or  command  sre  lesa  vulnerable,  largely  bM«'Use  of 
concentrated  antenna  patterns. 

The  final  stages  of  a  missile  attack  may  be  controlled  by  self-contained 
seekers  and  fuaes.  Here,  the  surface  vesie!  enjoys  some  natural  protection 
from  the  sea  return,  and  airo  offers  a  largb  pis) form  for  antennas,  jamming 
equipment,  and  Intelligent  operators. 


3.S.2  Shipboard  Reeonnaissauoe 

The  signal  sources  within  reach  of  shipbornc  intercept  equipment  differ 
significantly  from  those  accessible  to  aircraft.  Ir.  the  first  place,  fewer  signals 
arc  encountered,  partly  because  the  ocean  is  sparsely  populated  relative  to 
defended  land  areas,  and  partly  because  of  the  smaller  area  enclosed  by  the 
horizon  at  sea  level.  A  second  important  point  of  difference  is  relative  mo¬ 
tion.  Sources  on  the  ground  are  mostly  stationary,  with  the  exception  of  a 
few  in  slow  motion  relative  to  the  ob-serving  aircraft.  At  sea,  most  important 
intercepts  are  these  from  aircraft  or  other  ships  and  submarines.  Exceptions 
might  be  long-range  guidance  and  communications  signals  at  relatively  low 
frequencies,  ne  well  as  signals  received  from  tropospheric  scatter. 
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Tbe  motioQ  oi  the  intercepted  lourct  la  an  important  item  of  Information, 
and  raquiree  repeated  puition  determ!natl<»is.  The  intercept  equipment 
muat  bIm  be  able  to  copt  with  Intermittent  opciationi,  aa  in  the  caae  of  a 
Bubmarlne  aurtacini  for  a  brief  period.  Th#  obaervation  time  may  there¬ 
fore  be  abort,  even  thou|^  relative  motion  is  alower  than  in  air  (^rationa. 
Bearinf  information  ar.s  aiipal  identification  ia,  of  courae,  of  vital  in^iort- 
ance  to  defense  againat  attack  from  the  air  or  the  aea. 

The  availability  of  apace  and  peraonnel  on  ahipboard  as  well  as  the  re¬ 
duced  signal  density  make  manual  aupcrvialon  of  Intcrc^it  equipment  pos¬ 
sible.  This  permits  greater  flexibility  in  data  proceieing  and  interpretation. 

S.4  ECM  Ib  Air  lOalecwe 

S.4.1  OpportealiiM  for  BCM  in  Air  Dafenaa 

The  role  of  countermeaiurca  in  air  defense  is  confined  to  two  rather 
diverse  areas.  The  flrat  of  these  concerns  action  against  navigation  and 
bombing  radars  in  attacking  bombers.  The  second  properly  is  •  counter- 
countermeasurt,  since  it  attempts  to  make  use  of  tbe  idgnals  from  radar 
Jammers  in  the  attacking  aircraft.  This  technique  of  passive  detection  and 
tracking  of  jammers  does  not  rsscmble  the  antijamming  “Axes**  applied  to 
radars.  Therefore,  even  though  radars  are  Involved  in  the  passive  systems, 
tbe  techniques  Involved  are  generally  grouped  with  countermeasuro,  and 
not  with  counter-countermeasures  or  antijamming  devices.  Since  neithc. 
navigation  and  bombing  radara  nor  Jammers  may  be  used  by  tbe  attacker, 
ECM  In  air  defense  is  strictly  an  activity  of  opportunity.  The  Importance 
of  such  an  activity  depends  on  the  probaUllty  of  need,  end  on  the  potential 
eiffectiveness  when  used.  Some  Judgments  of  these  factors  are  necessarily 
included  in  the  discussion  of  the  two  counlermeasurec  areas  mentioned,  even 
though  the  primary  emphuis  is  intended  to  be  on  ECM  techniques. 

8>4.2  Countering  Bombing  and  Navigation  Radar 

Inertial  and  astronomical  reference  frames  are  sufficient  to  provide  guf  l- 
ance  to  vdthln  a  ipecihed  probable  error.  Whe^e  tMi  error  meets  tactical 
requiremimts,  radar  aids  are  not  required  and  countermeasures  equipment 
is  superfluo’  However,  a  dead-reckoning  approach  to  the  target  may  not 
be  adequate  where  a  precise  delivery  point  ii  demanded.  lit  addition  to  the 
inherent  errors  in  map  meaiuremenU  and  in  the  navigation  system,  extra¬ 
neous  factors  such  u  wind  velocity  and  changes  In  target  position  contribute 
to  the  total  miss  distance.  The  use  of  radar  aids  to  supplement  the  naviga¬ 
tion  system  can  then  be  expected.  To  locate  a  stationary  target,  only  oc¬ 
casional  Axes  are  needed  for  course  correction.  Intermittent  radar  operation 
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■uAcm  to  ptovidt  rjdi  comctloas.  Furthtnnort,  the  nkbur  idirtBot  point 
ooed  uot  ck)M  to  the  Urget  If  eaitnbly  offset  references  Iwve  been 
■elected.  For  movlec  Urgrts  such  u  idUpe  et  sen,  the  offset  tecfanlqtie 
evideeUy  does  not  apply. 

The  Intermittent  si{^  of  n  bomblnf  utJ  cnvifntloE  ndar  k  inherently 
difficult  to  counter.  Ako,  it  may  not  be  (lofiirtbk  to  ncerely  deny  the  nnvi* 
gnticn  information  sought  by  the  nder  at  one  point.  In  this  case,  the 
bomberdinent  can  still  proceed  with  reduced  accuracy.  To  be  enUtely  auc* 
csaafui,  the  countermeaaurea  idiodd  provide  fake  navigation  data  idUch 
wilt  maximise  the  mist  distance  at  the  target.  Ir.  achSition,  the  presence  of 
several  radars  in  the  bombardment  force  k  to  be  expected.  Therefore,  the 
ECM  system  must  be  capable  of  deaUng  with  multiple  dgnak  from  dif¬ 
ferent  locatlcni.  To  perform  such  a  task,  the  ECM  lyetcm  may  include  two 
interrelated  functiona.  Tbece  arc:  (1)  obacuring  the  reel  targets  and  (3) 
providing  falK  target  information.  Several  nMthods  for  accomplishing  these 
alms  are  avallabte. 

Perhipt  the  most  obvious  nteihod  of  obscuring  target  return  k  to  reduce 
the  echo  from  the  salient  geographical  featuree  noticeable  to  the  navigation 
and  bombing  radar.  However,  the  large-tcsle  changes  in  physical  contours 
and  libera!  use  of  absorbing  material  required  mnka  this  approech  praetkaUe 
on  a  very  limited  scale  only.  Another  method  of  changing  the  radar  topog¬ 
raphy  ia  tc  provide  falw  returns  that  are  suiflclently  large  and  nummus 
to  inaik  the  existing  features  of  the  arse.  Both  .effectors  and  repeater  jam¬ 
mers  are  capable  of  producing  suitable  false  echoie.  Finally,  it  is  possible  to 
raise  the  bockground  noise  level  by  means  of  numerous  noise  jammers. 
This  t^pe  of  Interference  provides  a  threshold  level  b^ow  ndtlch  the  weaker 
echosi  are  maaked.  A  carefully  designed  combination  of  false  targets  from 
reflectors  and  repeater  Jan^meri,  supported  if  necessary  by  noise  Jammers, 
is  espabie  of  drastically  altering  the  radar  appecrance  of  an  area.  In  some 
esMS,  the  proper  location  of  oniy  a  few  small  jemmers  bus  produetd  good 
results. 

IIm  concept  of  a  ftxed  area  defense  apinst  man^  attackers  does  not 
apply  in  seme  cases.  A  ship  «t  sea  or  an  isolated  military  installation  might 
be  more  efficiently  defended  by  countermeasures  aimed  at  totally  disabling 
the  bombing  radar  in  the  vicinity  of  the  target.  A  powerful  jamme.'  rrith  a 
directive  antenna  m«y  concentrate  sufficient  power  on  the  bombing  radar 
to  saturate  the  receiver  through  the  minor  lobes  of  the  radar  antenrui.  If 
radar  data  are  the  only  guide  available  to  tlie  bombardier,  li«  may  then  be 
obliged  to  attack  the  jammer  for  lack  of  a  better  target. 

S.4.S  Paaaive  DetocUon  and  Tracking 

There  are  two  broad  classes  of  radar  activity  in  air-defense  operations. 
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Tha  flnt  of  thm  conctrat  dttoction,  and  ii  haadlad  by  k»i|«raafa  acanning 
radars.  Tha  second  b  tarfat  tracking,  which  b  dona  by  tradUng  radars  of 
stdtabla  pracbton.  Both  of  thaaa  radar  functions  ara  suscaptiMa  to  Jamnoing. 
In  aach  case,  tha  affsct  of  Jamming  is  to  raduca  ths  maximum  targat  db« 
tanea  at  whkh  radar  range  ^ta  bacoma  availabb.  Sinca  ranga  information  b 
cfsanda!  to  both  detection  and  tracking  functions,  soma  means  of  using  the 
JanuniRg  signal  to  provide  range  information  k  needed.  Ths  techniques 
avl^ilabb  for  thb  ara  now  considered  in  turn  for  the  detection  function  and 
for  the  tracking  function. 

Detection  of  targets  by  a  scanning  (early  warning)  radar  includes  identl- 
fleatioa  of  r  target  in  qsaca  and  determination  of  its  course.  For  thb  pur¬ 
pose,  tha  radar  output  b  placed  on  a  PPI  disf^y,  on  akich  tha  targets 
appear  as  dots.  Whan  a  n<^  Jammer  of  suflkknt  power  is  activated  on  the 
targat,  the  dot  becoows  a  str^  line.  As  the  Jamming  signal  grows  brgar 
rebtive  to  tha  targat  echo,  the  radar  gain  must  be  reduced  and  tha  side 
lobes  suppressed  to  maintain  a  narrow  strobe.  A  basic  charscterbtic  of  thb 
situation  b  that  aaimuth  data  remain  avaibble.  In  a  defense  net  involving 
many  radars,  the  intersection  of  strobae  from  several  radars  definm  a  target 
location.  Unfortunately,  when  many  Jamming  targets  ara  present,  there  are 
many  false  intersections  or  ghosts.  Thus,  whan  two  Jamming  aircraft  are 
received  at  two  radar  sites,  two  axinr.uth  angles  are  obtained  at  each  site. 
From  these  four  possible  poeitions  can  be  calculated,  of  which  two  are 
correct  and  two  are  ghosts.  In  general,  t«  Jamming  aircraft  produce  n*  posi¬ 
tions  of  which  h’  —  a  are  ghosts.  When  three  radar  sites  are  used,  it  b 
possible  to  resolve  the  targets  in  principle.  In  practice,  thb  requires  a 
special  display  and  a  skilled  operator,  and  is  relbble  only  when  the  situa¬ 
tion  develops  slowly  and  the  cumber  of  intersection*  is  not  too  large.  With 
increasing  numbers  of  Jammtrs,  the  elimination  of  ghosts  becomes  more 
dlfflcuU.  Of  course,  triangulaticn  falls  absolutely  when  several  intersection 
points  fall  within  one  beamwitith  of  the  radar  antennas.  In  thb  case,  the 
targets  must  be  resolved  by  identifying  the  range  of  the  Jammers. 

To  provide  the  resolution  afforded  by  radar  range  data,  an  alternative 
means  of  measuring  range  is  needed.  Such  range  data  may  be  obtained 
through  observations  made  from  two  sites.  The  difference  in  the  time  of 
transmission  of  the  Jamming  signals  to  the  respective  sites  then  gives  the 
range.  For  a  constant  transmission-time  difference,  all  pouible  sources  lie 
on  a  hyperbola — neglecting  errors  due  to  altitude,  which  can  be  made  small 
by  cho.4lng  a  suitable  geometry.  A  mechanism  for  finding  the  time  differ¬ 
ence  b  (1)  to  send  the  signal  from  the  remote  eite  to  the  central  site  where 
processing  is  to  be  done  and  (3)  to  ini«rt  a  time  deity  in  the  output  from 
the  central  site  of  such  a  value  that  the  signal  after  the  delay  is  the  same 
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M  Um  MOt  from  Use  remote  cite  (except  (or  t  poecible  doppkr  ihift). 
The  dlilereace  between  the  iccerted  deley  and  the  Ume  to  tend  the  eipMtl 
from  the  remote  to  the  local  site  la  the  time  difference  correapendinf  to  the 
given  hyperbola. 

To  determine  that  the  signal  through  the  inierted  delay  la  the  same  as  the 
sisnd  from  the  remote  site,  the  two  ainiala  are  multiplied  together  and  their 
outputs  ore  Altered.  In  most  practical  systems,  the  incoming  signals  are 
heterodyned  to  two  different  intermediate  frequencies  so  that  the  output  ot 
the  multiplier  will  be  a  signal  at  the  difference  of  the  intermediate  fre- 


Fiourk  3-1.  AntenriR  ccnfl|uritiotit  for  pRtstve  correUtion  stationi. 
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I  qutnciN,  shifted  slightly  by  wb«ttv«r  dq)pl«7  dilTercnce  occurs  at  th«  two 
sitss.  Sevsfsl  types  of  systems  using  this  principle  are  shown  In  Flgurt  j*!. 
Soma  of  thu  signifleant  features  of  the  illustrated  configurations  are  as  M- 
,  lows: 

(1)  Omnl-Oitmi  (r  —  r):  This  method  requires  two  pairs  of  sitae.  Each 
t  receiver  has  all  Jammers  as  sources.  Combining  the  two  pairs  to  eliminate 
ghosts  presents  a  computer  problem. 

(3)  OmniScanniHg  Btam  (r  The  availflble  integration  time  Is  the 
same  as  In  a  radar  with  a  similar  beamwidth  and  rolstion  rate,  and  hence 
is  longer  than  for  the  two-sctnning<bcam  type.  The  peuahies  incurred  are 
( 1 )  that,  since  the  omni  has  all  Jammers  as  sourcH,  when  the  beam  crosses 
several  Jammers  the  product  of  the  input  signal-to-nolse  ratio  is  low  and 
(3)  that  a  signal  source  emitting  periodic  components  causes  ghosts  aiot^ 
the  main  beam.  An  addtional  problem  is  encountered  in  asimuthal  selectivity 

i  because  of  the  one-way  use  of  the  beam. 

I  (3)  Rapidly  Scatmkg  Btam  and  Radaf^Rate  Scanning  Btam  (#  —  #): 
f  This  system  suffers  from  having  too  short  a  time  on  target.  Although  tlM 
I  average  signal-to-nol««  ratio  during  a  scan  is  very  good,  false  alarms  occur 
!  sriten  a  small  number  of  Jammers  are  in  each  beam.  If  the  rotation  rate-* 
hence,  the  data-output  rate— could  be  slowed  down,  the  method  would  be 
very  good.  Two  pairs  of  sites  would  be  able  to  provide  velocity  information, 
and  this  wrould  allow  for  a  reduction  in  data  rate.  The  radars  supply  only 
position  information,  hosrever,  so  the  proceuing  becomH  more  complicated. 

(4)  Scanning  Beam  to  Mvliibtam  ($  —  rI)  :  The  advantages  of  this  type 
of  system  over  the  scanning-beam-to-omni  system  include  the  eilsninatton 
of  the  ghost  probiitm  caused  by  periodic  signals,  and  the  dfccease  in  the 
number  of  sources  received  at  the  site  where  the  omni  we;  r^Iaced  by  tlie 

’  multibeam.  The  disadvantage  is  the  increased  complexity. 

(5)  Mnl$!ple  Beam  to  Mtdtiple  Beam  (n$  —  mi):  The  full  multipU- 
beam>to>multipie>beam  system  Includes  ail  the  advantagea  of  the  scanning- 
beam-to<multipIe*beam  systems  and  also  eilom  for  greater  integration  t<r<ic. 
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croM-correlated  rUh  tbc  video  tlgna]  from  the  muter  redir  to  determiiw 
vdMtlMr  both  raders  are  tracking  the  lamf  ur^t.  If  not,  the  teardi  oi  the 
alave  la  resumed  until  the  same  target  la  tradied  by  both  radan.  Two 
verai'^  of  the  ayatem  have  bees  propoeed,  the  ao^uitled  “narrowband*’  und 
“wideband”  ayatema.  In  the  former,  com^tlon  Sa  uaed  only  to  determltHi 
that  the  muter  and  the  alave  radara  are  trackluf  the  aame  target, 
range  from  the  muter  radar  to  the  Jammer  la  computed  frwa 
poaltloo  of  the  two  radars  and  the  known  length  of  i?.tViri 

them  (the  #o<aIled  #  “-  #  correlation  ayatem). 

In  the  wideband  ayatem,  the  corraladon 
range  of  the  Jammer  from  the  mutr  ,7is,'t^  re 
tenw  “narrowband”  and  “wldeb- ^  ' 


r,  la  used  to  determine  the 
'  'l  —  r)  aj'itetA.  The 
refer  to  the  bemlwidth  of  the  cer> 
TiHN  aviww  tranimitted  from  the  elave  station  to 

"..SS  narrowband  cue,  only  a  2.5  kc  btadwl^.th  la 

communication  channels  could  be  used,  w*tii»  in  the 
.  J^^m  the  normal  radar<receSver  video  (aevorri  megacycles) 

**!5J”.J^would  ba  triuumltted. 

narrov^nd  system  would  provide  range  with  an  accuracy  compar* 
to  that  of  a  normal  radar  tracking  for  ranjies  up  to  about  twice  the 
sqwraticfi  between  Use  muter  and  the  slave  u^ations  In  the  cardbdllke  stru 

detected  in  Figure  3-2.  This  would 
^  **  standard 

jjrfBjBSCTh  deviation  of  the  angular  tracking 

accuracies  ^oI  the  radars  la  of  the 

fxiunately,  if  nriore  than  one  Jam- 
*  '**’*'*  r^dar 

beams,  which  are  itbout  I*  wide, 
the  radar  would  angle-track  the 
'  center  of  gravity  of  the  collection 

_ J  of  Jamming  signals.  This  would  In- 

cretM  the  errors  in  range  determi- 
Fiousf  J-a.  RecSon  Is.  whUh  rsnit  srror  Is  p^tjon  hy  an  order  of  magnitude,  or 
Isw  thee  ao  rsKU  (In  yard*  from  tbs  msstsi).  b.  provided  by  a 

normst  trackinj^  radiir  in  a  nonjamming  environment.  The  widlcband  ayitem 
w;sijld  overcome  this  degradation  in  range  accuracy  when  a  number  of  jam- 
merii  are  in  the  target-tracking  radar'a  beams.  As  each  Jammer  would  have 
a  different  correlation  timef  this  would  eitabilsh  its  location  on  the  cor¬ 
responding  hyperboiae  with  the  tv/o  radar  locations  as  foci.  Thus,  the  wlde- 
^faRd  system  would  provide  better  accuracy  of  range  determination  and 
better  resolution,  u.s  compared  to  the  narrowband  system. 
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In  Goncluilon,  It  ibould  bt  that  ^  anslc  djta  furaWitd  by  a 

Junm^  radar  might  aqualiy  w^I  bt  luppltmerittd  with  rang*  data  from 
anotbtr  radar  operating  a  different  fraquenry.  Thi*  radar  might  even  be 
a  (impler  range-only  slave  device.  The  merits  of  such  alternative  solutions 
involve  evaluation  of  enemy  capabilitiee  and  relativo  equipment  coets  which 
are  beyond  the  scope  of  ECM  technology. 

8.8  SCM  end  Ground  OiperatloBS 

8.8.1  General  FunotloBe 

In  the  ground  environment,  ECM  can  be  considered  at  another  tactical 
weapon  for  a  local  commander's  selection  and  employment,  Otie  might  con¬ 
ceive  of  strategic  tsset  of  electronic  countermeuurae,  such  as  widaqiiread 
deception  through  transmission  of  false  meaaagas,  but  idntw  theae  usee  are 
limited  in  sccgM,  only  tactical  applications  of  electronic  (^uatcrmeasurec  will 
be  considered  here.  Tactical  weapona  should  be  empI(Q'able  dowri  Uirough  the 
basic  combat  units.  In  a  ground  operation,  each  of  these  units,  when  oper¬ 
ating  as  a  combat  unit,  rarely  occuj^  or  are  concerned  with  more  than 
aeveral  square  miles  of  ground.  The  ECM  tactical  weapon,  because  of  its 
electromagnetic  properties,  can  have  effects  on  areas  other  than  thoM  occu¬ 
pied  by  the  combat  unit  and  its  Immediate  qeponents.  It  is,  therefore,  neces¬ 
sary  that  restrictions  be  placed  on  the  free  use  of  the  ECM  weapon  by  the 
local  commander.  The  ECM  functions  most  closely  related  to  ground-warfare 
operations  include:  (i)  variabke-time-fuse  detonation,  (2)  malfunction  cf 
tftiKny  drones,  (J)  ECM  of  unendphered  tactical  communication  nets,  (4) 
ECM  of  enemy  mor.€ir  find  artillery  radar,  (S)  ECM  of  enemy  electronic 
surveillance,  (6)  ECM  of  enemy  tactical  precision  bombing,  (7)  autijiin- 
mlng  of  enemy  repeater  ECM,  and  (S)  ECM  of  enemy  miMlle  guidance. 
The  reader  will  note  that  several  of  these  functions  are  also  associated  with 
environments  other  than  the  ground  environment.  However,  the  types  of 
problems  associated  with  these  tunctlons  and  the  ground  warfare  environ¬ 
ment  will  be  commented  upaet  briefly. 

8.5.2  Variablu-Ttmo  (VT)  Fuie  Dotona&ton 

A  target  can  often  bo  damaged  to  a  maximum  extent  by  detonating  an 
artillery  shell,  bomb  or  missile  at  some  height  sbove  the  target  area,  '!l^ere 
are  aeverci  types  of  VT  fuses  which  can  effect  detonation  of  a  warhead  at  a 
predetermine  height;  the  only  type  cf  fuse  considered  here  It  the  radio 
frequency  type  since  other  types  are  not  discussed  in  thk  book. 

The  effectiveness  of  variable-time  fuses  may  be  reduced  first,  by  causing 
the  fuse  to  predetonate  at  such  a  distance  es  to  cause  little  or  no  damage 
to  the  Intended  target  and  second,  by  causing  the  fuse  to  “dud”  nnd  allow- 
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liif  I  ww^Mul  to  detonate  on  impact,  tt  It  obvioi^y  deelf»ble  to  predetoa- 
atel  a  wariiead  at  a  ranfe  luch  that  ni»  damai*  ia  «  the  tarfet. 

Tht\  leeond  courae,  impact  detonation,  h  leaa  daairabie,  »*•**>'  ®**** 

the  ^^t  still  can  be  severely  damaced. 

Rey^^tcr  jammers  are  tin?  only  eifwtive  countertMasuni^  tfainit  the 
aophisth^ted,  rail*frequ«ncy  fswei.  Special  problcnu  aieociatsd  ’^th  ccun- 
terini  fuses  include  that  d  antennt  interaction  and  ^.hat  of  Tfovidlng 
sufAclent  in  a  linear  repeater  (dlicussed  in  Chapter  16).  In 

the  area  pr^Weted  by  a  single  jammcir  is  limited,  and  one  is  forcol.  to 
choose  t»tw»c!V  verj^  large  equipments  v,o  protect  a  number  of  army  i«i\* 
in  large  areas  number  of  smaller  e(|uipmenU  tn  - ..  tect  unite  in  Knall 
areas.  X 

8iS>S  Malfunotfo^  ef  Esitmy  Drouee 

Serious  considerationX'mst  bo  given  to  the  use  of  elMt.’oolc  countwmea* 
cures  against  surveillance  ^^rone  systemm  since  they  can  prove  to  be  rml 
threats  to  forces  being  cbee.'v  H  by  such  systems.  Countermeasures  might 
be  succeesfully  applied  to  drone  gu^  '^^ace  or  navigation  systems  and  to  com¬ 
munication  links  between  a  drone  and  i.  ,  control  station.  (Pn>blems  Involved 
in  the  application  of  countermeasurae  to ,  ^nsory  lystemt  carried  by  drones 
are  discussed  in  Section  3.5.6.)  Self-conta!;  navigation  systems  may  prove 
difficult  to  Jam  or  to  deceive,  while  navlgclia  lyitems  which  roly  on  control 
itations  may  prove  to  be  suecepttbie.  Jauu^iag  navigation  or  cenununka- 
tion  links  to  a  drone  may  prove  to  be  a  proitab  ^indfevof  since  a  ismmer 
transmitter  can  have  a  decld'  i  aiige  advimtage  (.  coneequentiy  a  power 
advantage)  over  the  navigation  or  communicstlot.  transmitter.  However 
the  range  advantage  can  be  offset  througis  the  use  &.■>  directional  aiiteroxsy^ 
scphisticated  modulation  techniques,  or  codes.  / 

S.8.4  ECM  againat  Unenetpbered  Tactical 

Tise  ii..^min|  of  tactical  communication  transmic/tbn  ^  ^  ^'^*** 

problem;  the  effectivenesi  of  such  Jamming  is  also  diffk:;ult  to 
factors  bear  upon  the  use  of  communicatioiut  Jamming.  TIs®  Three 

that  of  jammer  power.  In  general,  high  pvoweri  or  height  sti^t  factor  is 
required  because  the  Jammer  transmitter  is  often  located  at  vantages  are 
tance  from  the  target  receiver  than  is  the  communications  tranisr  greater  dii- 
power  requirements  are  Increased  still  fusther  by  propagation  aAnltter.  The 
ihieldine  problems  (problems  which  arise  because  of  the  ItxiatiortM  terrain- 
receiver  and  jammer  on  the  jjrourd).  A  second  factor  is  that  of  IstA  of  both 
with  friendly  communications.  Many  of  the  friendly  communicatlort^ference 
will  be  operating  in  the  same  portions  of  the  frequency  domain  .  \ 

V  the 
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tnnny  comi  lunlciticK:  Unks,  aod  it  ?fi<i>uld  ijot  be  poMilbk  to 
ptetely  intcr{9r«[>c«  with  the  courmunicttlon  lysttms.  Ictertoitr* 

due  to  Jtiri^liif  can  be  reduced  thrxigh  the  um  of  luch  devices  or  tech* 
nlquet  mt  iiirectioMl  eat«‘'’'ac  And  siipwil  i;»rre!atii»  achemee.  Conaider&tico 
mutt  be  f!  'tn,  of  'ounc,  to  the  •ffect  of  thttc  deviett  or  techniquot  on  such 
thin(i  at  (A>ni|)it]dty,  tnatntet:Anct,  and  volume.  Still  a  third  factor 

to  be  conrtiered  li  that  of  iutelilfenot,  which  rtquirct  the  evaluation  of  the 
relative  worth  of  monitoring  euemy  communication  links  against  jamndni 
of  these  li  "k*. 

Fitmt  technical  and  tactical  standpointi,  one  hu  three  pottlble  choices 
for  ).tmmi!ag  tactical  communicatten  nett.  The  most  atraij^tforward  pro¬ 
cedure  it  to  place  high-powered  Jaiwt^iert  behind  friendly  linet  and  to  trans¬ 
mit  appropriate  jamming  tignalt  into  enemy  territory  where  the  target 
receivers  are  iout:d.  The  high  power  required  to  produce  effective  Jamming 
is  a  disadvantage,  u  it  the  tncrecsci  lav.'rfercnce  with  friendly  communi¬ 
cation  nets  caused  by  the  high  jammer  power.  A  sccfuid  pocrlbility  is  to 
plant  expendable  ianurters  in  enemy  territcry  in  the  vicinity  ot  Ui«  tareet 
receiveri.  Interference  with  friendly  corrmunlcationi  links  li  reduced  because 
ot  increased  dlittncee  from  the  Jammers.  A  major  problem  is  the  develop¬ 
ment  of  satisfactory  techniquea  tor  tlv-  sowing  of  expendable  jammers  in 
vdetired  locations.  A  third  possibility  Ifor  Jar.'rl’t*  around-based  communica¬ 
tion  links  Is  the  use  of  airborne  jiunmen.  In  addition  to  such  tactical 
problems  as  radiating  the  jamnner  pewer  to  the  desired  areas,  all  the  diifi- 
culMet  associated  with  operating  and  maintaining  airborne  electronic  equip- 
\^nt  mutt  Cm  overcome.  An  advantiige  posteeted  by  airborne  jammers  is 
^  decrease  In  terrain  shielding  effects  normally  encountered  in  ground-to- 
gr^tnd  jamming. 

S.o\S  ECM  against  Enamy  Mortar  and  ArtlUary  Tracking  Radara 

Techmiuilly,  the  problems  faced  In  jamming  mortar  and  artillery  track¬ 
ing  radara  are  the  tame  at  thene  facid  in  jamming  other  types  of  tracking 
radars,  However,  a  special  problem  :!s  involved  in  that  the  jammer  often 
incurs  a  fluover  disadvantage  because  of  the  gsometry  ot  the  jamming  situa¬ 
tion.  Wh  en  enemy  mortar  and  artillery  traching  radara  are  placed  in  defilade, 
becomes  impoisible  to  place  Jammers  ot  vantage  points;  the  radar 
^^pi^nas  are  eufflclently  shielded  by  the  intervening  teriidn  so  that  only 
$tt¥ell  amounts  of  jammer  power  are  Intercepted  by  these  antennas.  If  the 
janVmer  power  o.Uput  is  increased  (o  overcome  the  losses,  the  Jamming 
transmitter  muy  b*.?  of  sufficient  nuisance  to  become  a  prime  target  for  coun- 
ter-c<h^iRt£rmeasurei — possibly  in  the  form  of  direct  Are  from  artillery  or  a 
missileVaystem, 

\ 
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Ou»  edbaeriM  out  b«  cowidwtd  for  um  »•»=;!  «aarUr 

uid  ortUkry  tncUnf  r«<S«n.  ?sr  csmh^.  lorfi  (q«*4tHko  ei  cksf  eo^ 
bk»  used  to  ititsk  ibs!l  UmjectoriN,  TIm  ecMi?  I*  by  rotisdi 

flrsd  previoui  to  Um  bcglnaSac  of  proloaiod  bMnb«rdaut«t.  'n»c  probli«t 
Invol^  would  Include  doteraUdag  tbe  qusntitiee  of  chdf  roquilrtd,  the 
chaff  fall  rate,  and  the  effect  of  weather  (winds)  on  the  chaf  dietributiw. 


8.5.6  ECM  aialnet  EUetronte  SnrreUlwiee  Derieee 
Electronic  aurveflltnce  devkee  used  la  ftouad  warfare  nay  be  either 
ground  bated  or  alrbortw.  Oround’bated  electronic  aurvefUance  devioee  con* 
altt  primarily  of  rcconcalioance  (Intr.'xept)  recelvert,  MTI  radari,  and 
J^cfrared  manners.  Tbe  aame  probleine  attendant  to  countering  tactical  con* 
exlit  for  countering  fT0uod*bcatd  inter^t  recelvert,  A 
ia>  wr  dltadvanUge  with  respect  to  a  friendly  treae* 

Isrs 

required  to  cvr/rcoime  propaptlo; 
one'i  own  rranamltrione  and  tht  Q;j#ellon 

the  enemy  transmUriona  it  more  valuable  alto  exist.  fTrniiril  1t»ih  ~v^  _ 
radara  operate  at  llnc*of*tlfht  devices,  U.,  the  radar  antenna  mutt  point  at 
the  area  under  nurveillatKe.  Because  tbeee  radart  mutt  eeeentially  operate 
out  in  the  open,  they  can  more  euily  be  subjected  to  countermeaauree  than 
can  the  intercept  recelvert.  (Obvioutly,  the  location  of  a  MTI  radar  can 
be  more  readily  determined  than  the  location  of  an  Intercept  receiver). 
Difhcutiiei  be  encountered  in  Jcnimlng  theie  radars  beeaute  they  can 
be  made  to  operate  at  claio;!  to-noLs;  ratios  leu  thaii  unity  auci  btcaiuw  the 
Jammer  radiation  will  often  be  subjected  .w  h!;U  propagation  lotiee.  Tbeie 
radar:  cr*  made  to  operate  only  intermittently. 

Confusion  technlquet  nito  iVui^ht  h*  used  against  MTI  radars,  “Wind- 
milU,”  rotating  reflectors,  might  be  tailored  to  aimulatc  the  charactcrittlc 
radar  echoea  caused  by  pereonnel  or  vehlclct  in  motion. 

Airborne  aurveillancc  devices  Include  MTI  radars,  mapping  radars,  in* 
tercept  receivers,  and  infrared  scanners.  Tbe  radars  are  usually  area  search 
devices  and  may  be  cit’  *  aide  looking  or  forward  looking.  Radar  per* 
formance  can  be  degrade^.  by  Jamming,  but  one  may  be  forced  to  use  a 
tracking  Jammer;  otherwise,  the  degradation  interval  may  be  abort.  Inter* 
cept  receivers  are  indeed  susceptible  to  electronic  countermeasure!  when 
these  countermeasures  are  designed  to  take  into  account  tbe  application! 


and  modes  of  operation  of  the  receivers.  Infrared  Kanners,  being  passive 
devices,  are  not  susceptible  to  jamming  In  the  usual  sense;  however,  decoys 
might  be  used  to  deceive  the  scanners. 
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SiStT  lOI  afiiriiMl  TmUmI  BMAbfaig  lUdan 
S«vtnl  up«cU  of  ECM  agalnat  boaibing  redara  art  dlacuar 'd  in  Saction 
J.4.2.  Whlla  that  diacuaaloo  daala  primarily  with  tha  uaa  of  "  CM  agalnat 
radan  carritd  by  atrataflc  bombtn,  much  of  tha  diacuaalon  la  appllcabta  to 
tha  problama  of  ECM  uaa  agalnat  tactical  bombara.  Obacuring  targata 
and  providi=;;  falaa  targat  Information  can  ba  uaed  in  tha  tactical  aituatlon 
aa  wall  aa  in  the  »:u2!(on.  In  caaaa  whara  only  amall  araaa  nrad 

be  defandad  and  in  whi^  tha  aoemy  i»  ud;:;  hi^>aimloolva  t*'*' ja,  a  faw 
Ic^ff’Poavrad  Jammara  may  auflks  to  provida  a  l:i:ge  maaaurv  vi 
Ihani  are  pr^lama,  of  couraa,  of  placing  tha  jammara  in  daairabie  locatlona, 
of  turning  oa  tha  jammara  at  tha  propar  timaa,  and  of  maintaining  aquip* 
mant  in  tha  fiaid. 


8<B.8  Coi£%tar°CouBt«nBaaaiiraa  agalnat  ECM  ilapaataro 
ECM  ropoatara  may  ba  uaed  agalnat  VT  fuiea,  radara,  or  conununlcationa 
equipment.  Tho  moat  atraightforward  antijam  ta^nique  which  can  ba  uaed 
agaiiut  ECM  repaatera  ia  aaturation  jamming,  ainca  moat  of  thaaa  rapaatera 
are  eaaantisUy  linear  ampliftara.  Thia  technique  conalata  of  overloading  the 
rapMter  by  tranamltting  a  large  CW  algnal  in  the  pasaband  of  the  repeater; 
the  jamming  aignal  normally  tranamlttad  by  the  repeater  ia  reduced.  Whan 
operating  ground-baaed  repeater  jammara,  one  muat  face,  aa  in  operating 
much  other  ground-baaed  radio  equipment,  tha  llmltatlona  impoaed  by 
pound'Wa'>'a  propagation  condition!. 


8.5.9 

Tactical  miaaile  ayatatni.” 


I  Syalame 

Jnjpound  warfare  can  be  placed  in  the 
categories  of  aurfBce-to-aurfacerauriac^.^^^"=’^Ill^*'°^*^*'^*^  lyatema, 
Of  these,  the  surface-to-surface  systems  are  probably7ariJ*^^Si..^^|^J*“* 
susceptible  to  countermeasures.  Many  missiles  in  this  group  are  of  tnet^ 
listic  type  and  are  unguided  or  guided  only  during  the  eariy  portions  of 
their  flights.  Countermeasures  might  be  applied  should  radio  or  radar  con¬ 
trols  be  used  from  a  ground  complex  during  the  guidance  phase.  Difflcultlcs 
abound  in  applying  countermeasures;  the  guidance  complex  may  not  be 
easily  found;  the  range  trun.  s.  jammer  to  the  guidance  complex  may  be 
long;  transmission  times  of  the  guidance  tadiss  or  •‘»dars  may  be  short;  and 
security  codes  may  be  used  In  command  links.  These  problems  be  al¬ 
leviated  somewhat  should  a  mluile  be  radio  or  radar  guided  during  its 
midcourse  phase  or  terminal  phase.  The  airborne  missile  may  be  more 
easily  located  than  a  ground-control  complex,  and  the  Jammer-to-recelver 
range  may  be  shortened. 

Short-range,  antiaircraft  missile  systems  will  be  used  on  the  battlefteld 
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tgkinit  aircraft,  dronra,  £nd  mluilM.  ThcM  ^tama  will  gaaenlly  have,  as 
portions  of  thsir  fuldaitca  lyitsms,  acquisition  radars  and  tracklnf  radin. 
These  radars  can  be  subjected  to  countennsasures,  but  care  must  be  estr- 
cised  edisn  these  measures  ate  applied.  For  example,  an  enemy  could  be 
alerted  by  an  acquisition  radar  to  the  presence  of  a  low-flyitif  aircraft  vdiose 
Jammer  it  on;  deeper  penetration  might  be  achieved  with  the  Jammer  off. 
As  another  example,  tome  ground-based  tracking  radars  and  tome  missile- 
borne  seekers  arc  capable  of  tracking  noise;  a  countermeuure  other  than 
a  noise  Jammer  would  have  to  be  used  against  such  radars. 

Countermeasures  nuty  alto  be  difAcult  to  apply  against  tactical  alr-to- 
surface  mlMile  sr'Stems  since  many  of  these  systems  will  utilise  unguided  or 
inertially  guided  missiles.  The  meaiis  for  acquiring  targets  for  these  systenw 
may  be  more  susceptible  to  countermeasures  than  the  systenu  tbemMlvM. 
An  sbvicu*  countermeasure  against  elactromagnetic-seeking  air-to-surface 
missiles  is  to  turn  off  the  source  of  being  attacked.  If  this  is  not 

feasible,  coiif:.::i?»  te«±nlquet  such  at  false  targets  might  be  employed. 

S«6  ECM  wad  Undenvater  Oporations 

Both  submatlr.es  and  surface  ships  dspciid  highly  on  acoustic  phenomenM 
to  help  And  their  snemlot  and  to  deploy  their  weapons.  Sonars  (sound 
ranging)  are  imed  for  intercept,  ider.>tf&cation,  and  tracking  purpotte;  and 
sound  ri!:teivers  are  used  in  accusticsl  homing  devices.  Hiese  devices  and 
the  countermeasure  isvkan  which  cm  be  used  against  them  are  ckneribed 
in  Chapter  23.  Radars  magnetic  anomaly  detectors  are  other  devices 
used  by  surface  ships  and  ssibmsrinei  to  detect  each  other;  these  devices 
will  not  be  described. 


S>6.1  ECM  against  Surface  Ship  Weapons 

Submarines  can  use  countermeasures  to  advantage  when  attacking  or 
when  under  attack  by  surfs ''s  ships.  Mounted  or  towed  Jammers  can  be 
used  to  reduce  the  effective  range  of  a  ship’s  sonars.  Expendable  Jammera 
can  be  used  as  a  screen  behind  which  the  submarine  could  maneuver  while 
.attacking  a  Khip  or  when  escaping  from  a  ship’s  attack.  Decoys  might  also 
be  used  in  advantage  during  disengagement  from  battle  by  misleading  a 
— submarliie’s  position.  Another  use  of  decoys  is  to  deceive  the 
enemy  into  thlnking"that  «blp  than 

there  actually  are.  The  more  sophisticated  decoys  should  be  able  to  simulate 
doppler  echoes,  propulsion  noise,  wakes,  and  maneuvers.  Typical  problems 
when  using  or  devlsinj<  such  decoy5^  include  those  of  programming  a  decoy's 
course  and  of  simulating  properly  varying  echoes  as  a  submarine  presents 
Its  beam,  iih  bew,  or  lis  stern  to  a  ship's  sonar. 
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St6.2  ECM  Ksalntt  SHbmcrinM  wnd  Torpadoct 

A  lubmarine  can  often  detect  with  ita  aonic  device!  the  pretence  c*  a 
aurface  ihlp  before  the  ahip  can  detect  the  pretence  of  the  iiubmarine.  Ohw 
way  to  reduce  thit  range  advantage  it  to  rabe  the  noiM  level  by  meant  of 
towed  nolte  makert  or  Jammert.  SonMi  meant  of  iodc-through  mutt  be 
provided  for  the  thip’a  tonar  devicea  if  the  ttratagem  of  raiaing  the  back¬ 
ground  noite  ibvel  It  adopted.  Expendable  Jamnwrt  can  be  uted  for  acreen- 
ing  purpoaea  by  a  ahip  at  well  at  by  a  tubmarine.  Decoyt  can  alto  be  flred 
between  tubmarine  and  ahip,  either  to  confute  those  aboard  the  tubmarine 
or  to  become  target!  for  homing  torpedoea. 

8t7  ECM  In  Spnoe 

The  diacutaiont  to  far  in  this  chapter  have  dealt  with  the  ute  of  electronic 
countermeaturea  In  war  environments  which  have  been  explored  and  ttudied 
extentively.  The  ex|;>anaion  of  military  operation!  Into  apace  will  introduce 
new  problems  into  the  operating  perspective  of  electronic  countermoaturet. 
In  general,  the  principle!  underlying  the  uses  of  electronic  devicea  and 
electronic  countermeaturea  technique!  in  apace  will  be  quite  aimilar  to  the 
principle*  of  their  ute  on  earth.  This  It  true  because  the  devicea  to  be 
countered,  whether  on  e«ith  sr  in  apace,  all  fulfill  in  a  broad  tenae  acme 
function  of  aurveillance  or  communJcatlona.  The  di»cu£:!cn  here  of  elec¬ 
tronic  counternuasurea  in  apace  includes  not  only  interplanstary  tpa^re 
^jeratiorsa  but  long-range  balliatic-miuile  and  earth-aatcllite  operation!. 

Cr:  wsy  to  examine  the  problem  ofi  countermeasures  in  apace  it  to  con¬ 
sider  countermeasure,  in  terms  of  the  three  functions  of  iurveillanf'<^ 
Jamming,  and  deception,  Further,  these  functions  can  be  applied  fror-f  the 
earth  or  from  apace  to  vehicles  or  objects  on  earth  Rr  in  space,  ^ua,  the 
environmental  combinations  include  space-to-space,  8pace-^«> -earth, 
earth-to-space.  In  all,  the  three  countermeasure  functi^?  "Prnes  the  three 
environmental  combinations  result  in  nine  possible  cp'^’ .atermeasure  environ¬ 
ments.  Some  of  the  apace  applications  of  countsrmee/Cires  are:  (1)  electronic 
surveillance  of  objects  on  earth  or  in  space;  .imming  and  deception  of 
ground  radars;  (3)  jamming  and  deceptj|i;-^of  ground  communications; 
(4)  Jamming  and  deception  of  satellite,  ’communications  (communications 
between  utellites  or  lictween  ga(;el!l»  ^  and  the  ground);  (S)  decoya  and 
penetration  aids  for  launch,  mldrjurie,  and  terminal  phases  of  baillstlc- 
misiile  flights;  and  (6)  jamm.'/fig  und  deception  of  AICBM  complexes,  In 
the  la.^t  category,  AICBM  ^y,niplffxes  !nay  include  such  things  as  reconnitis- 

satellite  interceptors.  Infrared  homers,  early 
warning  radars,  icnve-type  detectors,  and  trackers.  How  rapidly  progress 
is  made  in  the  development  of  counterme-asures  In  these  areas  is  somewhat 
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dependent  upon  the  development  rate  of  the  lystenu  to  be  countered.  For 
example,  the  uae  of  countermeaiurei  by  and  BKalnit  balliitic  mluilee  has 
been  studied  extensively,  while  much  leu  effort  has  been  expended  on  the 
study  of  the  use  of  countermeasures  against  satellite  Interceptors.  In  time, 
if  and  when  satellite  interceptors  become  a  threat,  more  effort  would  be 
expended  on  the  development  of  countermeasures  for  um  against  theM 
interceptors.  Froblem  areas,  typical  of  the  types  to  be  encountered  in  the 
application  of  countermeuures  In  space  are  enumerated  in  the  following 
sections. 

8>7.1  Countermeasure*  against  Electronic  Surveillance  of  Ob« 
Jeets  on  Earth 

Sensors  which  may  be  used  on  surveillance  satellites  aie  photographic 
and  television  cameras,  radars.  Infrared  detectors,  and  radio  receivers.  Satel¬ 
lites  will  also  have  a  means  of  communicating  with  some  control  center. 
A  data  link  In  the  form  of  radio  transmission  might  be  used,  or  a  capsule 
might  be  ejected.  Both  the  sensors  and  the  data  links  of  satellite  surveil¬ 
lance  systems  can  be  subjected  to  countermeasures.  Whether  the  sensors  or 
the  data  links  or  both  are  subjected  to  countermeasure  depends  on  the 
nature  of  the  particulai-  reconnaissance  system. 

Jamming  might  be  successfully  applied  against  radio  receivers  and  radars 
by  utilising  tracking  jammers.  Some  of  the  problems  involved  are  deter¬ 
mining  the  frequency  band  of  the  receivers  or  radars,  generating  and  trans¬ 
mitting  sufAcient  jamming  power,  and  appropriately  placing  jammers  so  as 
to  obtain  coverage  over  the  areas  to  be  protect^.  Infrared  surveillance 
devices  would  be  difficult  to  jam  since  they  arc  usually  scanning  devices.  It 
would  be  impossible  to  maintain  a  jamming  source  within  a  scanner  fleld  of 
view  for  any  length  of  time.  Intense  light  sources  such  as  lasers  could 
produce  halos  on  photographs,  but  the  pictures  would  be  obscured  only  over 
small  areas.  Deception  techniques  in  the  form  of  decoys  or  shields  offer  more 
chances  of  success  as  countermeasures  against  photographic  devices. 

Data  links  will  be  difficult  to  disrupt  because,  in  most  instances,  radios 
operable  only  on  command  will  be  used.  If  these  radios  are  operated  only 
over  the  satellite  user’s  territory,  it  will  be  difficult  to  place  jamming  or  de¬ 
ception  devices  in  positions  where  they  can  be  used.  If  the  nature  of  the 
command  code  can  l>e  determined.  It  might  be  possible  to  preempt  the 
command  link  over  friendly  territory  and  to  till  a  satellite’s  memory  devices 
with  useless  data.  Again,  what  countermeasure  technique  is  to  be  applied 
depends  upon  the  system  to  be  countered. 

3.7.2  Countermeasures  against  AICBM  Complexes 

A  point  defense,  ground-to-air  missile  system  (as  exemplified  by  Nike- 
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Zeua)  and  mliiile  interceptors  launched  from  a  satellite  arc  two  examples 
of  AICBM  systems.  There  has  been  considerable  study  devoted  to  the  de¬ 
velopment  of  concepts  and  techniques  for  decoy  use  against  tracking  radars 
of  point-defense  missile  system.  The  simplest  technique  udtich  hu  been 
considered  is  to  fragmentise  the  final-stage  fuel  tank  of  a  missile  so  that 
the  warbecd  could  not  readily  be  distinguished  from  the  fragments.  The 
potential  use  of  this  technique  and  others  has  aroused  sufficient  concern 
so  that  countcr-countermeasurc  techniques  are  being  investigated.  One  of 
these  techniques  involve  examining  in  detail  the  radar  signature  of  each 
object  to  determine  differences  in  the  q)ectrums  of  the  radar  echoes.  Another 
technique  Involves  examining  the  trajectory  profllee  of  each  object  to  deter¬ 
mine  if  their  mass-sise  ratio  is  like  that  of  a  warhead.  As  the  counter-coun- 
termeesure  techniques  are  improved,  old  countermeuurcs  must  be  refined 
and  new  ones  must  be  devised.  A  new  technique,  for  example,  might  involve 
the  use  of  an  expendable  Jammer.  The  januner  may  have  to  be  expendable 
to  overcome  track- on-jamming  capabilities  of  a  radar. 

Several  satellite  weapon  systems  are  being  considered  for  use  against 
intercontinental  ballistic  missiles  during  the  missiles'  boost  phases.  In  these 
systems,  infrared-seeking  miMiles  are  launched  from  a  satellite  at  the  bal¬ 
listic  missiles.  Decoys  immediately  suggest  thcmaelvM  u  a  countermeasure 
to  both  an  Infrared  search  device  and  to  the  infrared-seeking  missiles.  How 
many  decoys  should  be  fired,  when  they  should  be  fired  with  respect  to  tlie 
firing  of  the  missile,  the  decoys’  Infrared  radiation  characteristics,  and 
their  effectiveness  and  cost  must  all  be  determined.  Because  the  infrared- 
seeking  missiles  use  tracking  devices,  the  poeslMlity  cf  developing  and  em¬ 
ploying  a  Jamming  device  exists.  Whether  or  not  such  a  device  could  tw 
used  would  depend  on  the  infrared  seeker's  characteristics. 
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Operational  Objectives  of 
Intercept  Systems 

L.  A.  deROSA,  £.  FCBINI,  J.  VOGELMAN 


4.1  PurpoM  of  ReconniiHonce 

IntMxept  lyitema  are  one  form  of  reconnaimnce  and  poaseai  many  of 
the  characteriitica  of  reconnaiiaance  ayitema  In  general.  Reconnaluance  is 
a  collection  of  information  on  the  facilitlei,  capabilitict,  and  intentions  of  a 
potential  or  actual  enemy.  It  is  the  mission  of  rccotinalssance  to  measure  the 
effectiveness  of  these  facilities;  to  estimate  their  reliability;  to  determine 
deployment  and  changes  in  the  enemy’s  strategy  and  tactics.  Effective  recon¬ 
naissance  leads  to  affective  redeployment  and  modiflcatlon  of  one’s  own 
strategies  and  tactics. 

It  is  not  enough,  for  instance,  to  determine  the  existence  of  a  particular 
enemy  facility.  Data  must  be  collected  regarding  its  operational  employment, 
usefulness,  location,  frequencies,  |M)wer,  field  of  coverage,  rate  of  transmitted 
information,  over-all  reliability;  and  Its  immunity  from  jamming,  detection, 
crypto-analysis,  and  natural  and  artificial  Interference.  In  general,  its  threats 
and  Its  points  of  vulnerability  must  b«  determined.  These  factors  play  a 
fundamental  part  in  evaluating  the  Importance  of  the  facility  tc  the  enemy, 
and  In  formulating  one’s  own  plans. 

It  is  impossible  to  properly  evaluate  the  operation  of  ferret  intercept 
systems  without  remembering  that  the  collection  of  information  regarding  an 
enumy’s  electronic  and  communication  facilities  is  only  one  of  the  many 
Inte.llgcnce  missions  that  must  be  treated  simultaneoucly  to  gain  knowledge 
of  enemy  strategy  and  facllltiss,  and  changes  In  either  or  looth.  Total  Intel¬ 
ligence  results  from  the  following  types  of  collections. 
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A.  Vivuai 

1.  Photo 

2.  Television 

i.  Human  vision 

B.  Communications  interception 

1.  Traffic  analysis  and  analysis  of  uncoded  messages 

2.  Cryptographic  analysis 

C.  Electronic  Intelligence 

1 .  Deployment 

2.  Technical  lntelll).',t’'ce 

3.  Tracking  of  elt:«.i>jnic  soarce;i 

D.  Radar  Intelligence 

1 .  Mapping 

2.  Search  and  tracking 

E.  Infrared  detection 

1.  Image  forming 

2,  Search  and  tracking 

F.  Collateral  information 

Any  one  of  these  types  of  intelligence,  though  powerful  in  itself,  may  have 
a  very  much  increased  importarxe  if  used  in  connection  with  another.  One 
discovery  by  eny  sensor  can  trigger  »  collection  procedure  by  one  of  the 
other  sensors,  a  procedure  designed  to  confirm  or  discount  the  conclusions 
that  may  be  drawn  from  the  initial  collection. 

Thus,  one  type  of  sensor  will  give  rough  information  which  can  act  as  an 
alarm  by  which  detailed  information-gathering  devices  can  be  turned  on. 
The  infrared  detection  of  a  missile,  for  instance,  will  alert  the  sensor  whose 
mission  it  is  to  detect  guidance  signals.  Another  example:  the  receipt  and 
analysis  of  an  electromagnetic  signal  can  establish  the  reliability  and  accur¬ 
acy  of  a  covert  source. 

Electronics  reconnaissance  has  Immediate  use  in  dictating  a  reaction  capac¬ 
ity;  it  has  a  long-term  use  in  the  strategic  evaluation  of  the  enemy’s  capabili¬ 
ties.  The  value  of  the  data  acquired  from  this  type  of  reconnaissance  depends 
ultimately,  of  course,  upon  their  use.  The  following  pages  will  discuss  prob¬ 
lems  of  collecting  KLINT  information,  and  some  of  the  knowledge  to  be 
gained  from  such  information. 

4.2  Dislinctlosi  Belweeti  Reconnnissanre  aii.i  Cloinmunicallon 

Electronics  rcconna!.ssance  differs  slgniflcHnlly  (rum  communications 
reconnai.Hsitnce.  For  :)nc  thing,  the  amount  of  information  required  for  suc¬ 
cessful  electronic  intelligence  (ELINT)  Is  much  less  than  that  required  fur 
successful  reconnals.sance  of  conventional  message-carrying  channels. 
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Effective  electronic!  reccnnalssance  require!  the  eurveillunce  of  very  Urge 
frequency  binds,  yet  such  lurveillince  is  within  the  range  of  possiblllMo!. 

There  are  facets  of  electronics  reconnaissance  that  are  not  found  in  com- 
municaticns  reconnaissance. 

Note,  for  instance,  that  the  geographic  location  at  which  a  signal  is  inter¬ 
cepted,  its  direction,  its  rate  of  change  of  bearing,  etc.,  represent  data  that 
are  not  usually  relevant  to  conventional  communicatioi.s  reconnaissance. 
Such  data  are  relevant  to  navigation  systems;  but  there  the  data  are  put  to 
a  different  use  from  the  use  to  which  they  are  put  in  electronics  reconnais¬ 
sance. 

Ihe  reaction  of  an  enemy  to  a  particular  penetration  attempt  conveys 
useful  intelligence  information— it  can  tell  much  about  his  capabilities  and 
Ills  plana  for  putting  these  capabliltlea  to  use.  In  conclusion:  electronin 
recomalt:ance  it  not  tkt  tamt  a:  mettage  reception.  This  difference  has 
been  neglected  In  many  recent  reports. 

4.8  Relation  Between  DeU  Required  and  Their  Intended  Use 

It  Is  perhaps  helpful,  but  often  forgotten,  that  the  fundamental  usefulness 
of  reconnaissance  Is  a  function  of  the  use  to  which  the  data  are  put.  In 
general,  mere  recording  of  data  pottponet — not  serves— the  analysis  purpose. 
The  recording  of  data  that  are  not  analyaed  is  often  a  greater  waste  than 
merely  the  obvious  waste  of  recording  capabilities;  ureful  information  may 
have  been  negelected  during  the  recording  process.  A  useful  rule  might  be 
that  information  must  be  recorded  only  if  it  is  clear  how  the  recording  will 
bo  used. 

The  processing  and  analysis  of  electronics  reconnaissance  data  are  often 
so  time-conauming  that  Is  it  only  the  availability  of  computing  machines 
that  makes  possible  efficient  reconnaissance  catiabillty,  Unfortunately,  the 
types  of  analyses  required  vary  a  great  deal  and  depend  upon  the  type  of 
electronic  facility  being  observed.  Some  analyses  require  manual  and  direct 
observation.  Others  require  coordinai'on  of  a  number  of  sensors.  This  Is  a 
fundamental  part  of  the  electronics  riconnaissnnce  problem.  For  example, 
to  establish  by  analysis  the  existence  of  a  beacon  responder  system,  It  is 
necessary  to  obtain  reconnaissance  intercept  on  both  the  interrogator  and 
the  responder,  Because  of  the  character  of  electronics  recon nn!s.sii nee,  it  is 
always  necrs.sary  to  work  from  ii  large  mass  of  often  usrie.ss  data  in  order  to 
find  the  few  items  likely  to  have  immediate  ImiNirtniice  and  direct  useful- 
ness,  Se|iaratlng,  sifting,  and  sorting  are  some  of  the  most  difl'iciiit  and 
important  tasks  in  analyzing  electronic,''.  reconnai.ssnm:e  data.  For  example, 
rejielition  of  a  detected  signal,  whicis  wlH  occur  many  times,  only  confirms 
its  existence;  it  dmvs  not  add  new  data. 
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It  is  not  »  purpose  of  this  chapter  to  explore  the  Anal  destiny  of  recon¬ 
naissance  data  after  completion  of  the  analysis  proccse;  but  one  should 
remember  that  dissemination  of  intelligesice  data  is  Just  as  important  a  part 
of  the  over-ai!  system  as  the  collection  and  analysis  for  those  data. 

4.4  Operational  Uae  of  Reeonnaiaeance  Information 

The  detection  of  electronic  facilities  installed  by  an  enemy  presents  one 
of  the  best  methods  of  reaching  conclusions  regarding  his  ^ployments  of 
weapons,  aircraft,  missiies,  and  other  tools  of  air,  sea,  and  ground  battle. 
In  the  case  of  the  Strategic  Air  Command  (SAC)  for  example,  knowledge 
of  the  deployment  of  weapons  permits  an  optimum  planning  of  penetration 
for  a  maximum  chance  of  reaching  the  target  safely;  in  the  case  of  ground 
forces,  it  permits  evaluation  of  the  direction  of  enemy  effort  and  suggests 
tactics  for  reaching  weak  spots  in  enemy  deployment.  The  proper  balancing 
of  electronic  countermeasures  and  active  weapons,  and  the  over-all  conduct 
of  the  battle  can  be  very  greatly  implemented  by  detailed  knowledge  of  the 
employment  and  deployment  of  the  enemy’s  electronic  capabilities.  Perhaps 
one  of  the  most  striking  examples  of  the  use  of  electronic  reconnaissance  to 
determine  enemy  reaction  Is  that  involved  in  nerlal  warfare. 

Electronic  countermeasures  can  be  employed  against  electronic  weapons 
with  a  substantia!  power  advantage,  in  the  early  days  of  electronics,  the 
number  of  electronic  weapons  was  small  and  their  sophistication  was  not 
that  of  today’s  electronic  weapons;  consequently  countermeasures  could  be 
effectively  employed  with  relatively  small  powers.  For  inatancr*.  ;  ‘iv,ers  of 
the  urJ^r  uf  "tagnitude  of  a  tenth  of  a  watt  |>er  megacycle  were  sulAclent  to 
effectively  I  ■  *he  German  radars  during  World  W’ar  1!.  Besides,  the  Ger¬ 
man  rad’r-  /ccimied  an  over-all  bandwidth  of  no  more  than  SCO  megs- 
cycles;  io.  that  reason,  a  tots!  of  SC  radiated  watts  could  do  a  satlsftoCtory 
Job  against  the  German  dcfen»tcH  in  1943  and  1944. 

The  situation  has  been  changing  rapidly.  With  the  progress  of  electronics, 
the  number  of  electronic  weo;M>i.i  has  iniieased  immeusurably  in  the  last 
ten  years;  also,  the  sophlsdcatitm  of  these  weaiwns  l\ns  made  Jamming 
steadily  more  difficult.  At  this  writing  (19.19),  powers  of  the  order  of  10 
to  20  watts  i)cr  incgncycle  are  required  to  effectively  Interfere  with  the 
oiKrations  of  some  of  the  modern  tyjies  of  radars.  The  aveiiability  of  new 
iulies  and  components  has  iMTinitted  the  use  of  wider  niui  wider  frequency 
ranges  so  that  lodsy  as  many  as  10,000  megacycles  are  avnilabie  to  an 
electionic-mlnded  enemy.  One  could,  therefore,  say  that  .i  lirutc  force  jam¬ 
ming  effort,  based  on  no  information  whatever  of  the  enemy's  interuions, 
technical  ca|'..bi!ltics,  and  deployment,  would  require  200,000  radiated 
waits.  'I'hal  means  approximately  1,000,000  Input  waits  or  1000  kllo- 
wiilts,  Input  [lowers  of  this  order  of  magnitude  are  not  uvafluhle  to  present- 
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day  aircraft;  thui,  it  is  imperative  that  accurate  information  be  tnade 
available  to  operations  planners  for  effective  use  and  deployment  of  chaff, 
deception,  and  Jamming  capabilities. 

If  we  knew  the  exact  frequency  ranges  In  which  an  enemy  would  use  his 
capabilities,  we  could  reduce  by  a  factor  of  about  50,  and  perhaps  100,  the 
electronic  countermeasure  equipment  needed  for  an  aerial  strike  against  his 
country.  Although  it  is  not  the  only  method  of  obtaining  such  intelligence, 
electronic  reconnaissance  is  one  impoi^ant  method. 

The  sophistication  of  radar  and  electronic  devices  is  such  that  sonte  of 
their  Important  characters  cannot  be  revealed  by  passive  listening;  how¬ 
ever,  the  information  gathered  by  passive  listening  contains  the  majority  of 
important  data.  For  example,  the  availability  of  coherent  or  noncoherent 
“Moving  Target  Indication”  cannot  be  determined  by  passive  intercept  of 
signals,  though  the  probability  of  its  existence  may  be  deduced  from  the 
stability  of  the  transmission.  The  data  that  passive  listening  gather,  coupled 
with  the  collateral  informfition,  might  provide  knowledge  far  more  difficult 
to  acquire  than  the  knowledge  passive  listening  might  be  expected  to 
provide. 

Another  example  of  operational  use  of  electronics  reconnaissance  can  be 
described  in  terms  of  immediate  reaction  capabilities.  It  is  well  Known  that 
electronic  decoys  are  particularly  useful  In  the  presence  of  passive  locators; 
decoys  can  prevent  an  enemy  from  effectively  triangulating  on  our  own  Jam¬ 
ming  or  repeater  transmitters.  On  the  other  hand,  the  number  of  useful  decoys 
that  an  aircraft  can  carry  during  a  deep  penetration  mission  is  limited.  It  Is, 
therefore.  Important  that  a  preprogrammed  set  of  sensing  devices  be  supplied 
to  an  aircraft  to  permit  the  release  of  decoys  at  times  of  maximum  usefulness. 

Operational  use  of  ELINT  can  be  demonstrated  by  examples  of  other  types 
of  warfare — for  Instance,  in  the  protection  and  detection  of  submarines. 
Recent  maneuvers  have  proved  that  a  submarine  can,  by  passive  listening  to 
r-f  raaiations,  effectively  detect  the  presence  of  enemy  aircraft  and,  In  many 
cases,  of  convoys  or  enemy  forces.  For  this  reason,  passive  reconnaissance  In 
naval  operations  is  of  utmost  importance. 

The  likelihood  of  limited  warfare  is  becoming  greater.  The  theaters  of  lim¬ 
ited  warfare  will  prouably  be  located  in  regions  where  the  density  of  electronic 
transmissions  is  normally  low.  Uecau.se  ol  the  lew  traffic  density  In  tho.se 
regions,  the  proble.n  of  Interception  vould  be  greatly  eased.  It  Is  highly  likely 
that  Increased  electronic  traffic  would  mean  increased  enemy  troop  concen¬ 
tration.  It  can  be  e,s{m;ted  that  the  study  of  electronic  and  communication 
Intelligence  would  play  as  important  a  part  in  enemy  capnLilitles  and  In  guM- 
ing  our  reaction  during  a  liniltcd  warfare  ground  btittle  as  it  would  In  de¬ 
termining  the  optimum  use  of  electronic  countermeasures  In  a  po!<Bil>Ic  strate¬ 
gic  air  oircration.  This  will  be  particularly  true  and  Imirortant  when  build-up 
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of  electronic  weapons  un  be  used  to  measure  the  help  that  a  highly  technical 
enemy  is  giving  to  an  underdeveloped  country. 

The  continuous  increase  in  the  use  of  electronics  for  communications, 
navigation,  and  other  military  purposes  in  all  countries  of  the  world  has 
brought  about  a  corresponding  increase  in  the  sUe  and  importance  of  elec* 
tronic  warfare.  As  a  type  of  war,  electronic  warfare  takes  on  nuiny  of  the 
characteristics  of  conventional  warfare  with  conventional  weapons.  Here,  also, 
the  offense  and  the  defense  have  the  upper  hand  at  different  times;  and  the 
knowledge  of  the  enemy’s  capabilities  la  essential  for  planning  our  own  reac¬ 
tions  and  strategies.  Any  general  statement  made  today  regarding  tlje  relative 
superiority  of  particular  countermeasures,  or  of  particular  electronic  weapons 
against  countermeasures,  is  likely  to  be  proved  wrong  a  few  months  after  it 
is  made.  Tki  result  of  a  particular  test  of  a  particular  eountermatsure 
aiaintt  particular  set  of  weapons  can  never  be  tomidwed  as  over^ 
absolute  proof  of  relative  importance  or  usefulness,  nor  can  it  be  extrapolated 
to  futurs  conditions  without  severe  limitations. 


4.5  Elecironie  Mape 

A  map  of  the  electromagnetic  signals  that  can  be  heard  today  by  an 
aircraft  flying  over  the  United  States  would  include  a  wide  variety  of 
transmitting  sources.  One  could  And  landing  aids,  airport  radars,  television 
stations,  radio  broadcast  stations.  Air  Force,  Army,  and  Navy  radart  and 
communications,  commercial  raJars,  airborne  radars,  and  navigtlon  aids  of 
all  kinds.  By  and  large  the  ^^.-Mily  of  its  electrordc  signals  is  a  measure  of 
the  technical  development,  the  population,  and  the  Industrialisations  of  an 
area.  In  general,  the  satno  typo  of  statement  can  be  applied  to  a  battlefield 
area.  This  continuously  increuing  use  of  electronic  has  Increased  the 
usefulness  of  electronic  reconnaissance  and  intelligence  to  all  tj'pes  of 
warfare,  so  has  it  increased  the  difflcultles  of  analysis. 

There  are  some  not-so-obvious  uses  of  data  obtainable  from  electronics 
reconnaissance.  The  analysis  of  an  enemy’s  deployment  of  electronic  devices 
can  often  be  used  to  give  a  direct  measure  of  his  prod'  'tion  capability. 
By  means  of  the  observation  of  the  time  interval  bclwct.  he  appearance 
of  the  flrit  of  a  new  type  of  equipment  and  the  appearance  of  a  aeries  of 
such  units,  it  is  pos.slble  to  estimate  his  ability  to  muster  industrial  pro¬ 
duction.  If,  by  ferret  reconnaissance  or  by  other  means,  it  is  possible  to 
obtain  information  of  a  partiedar  technical  development  in  its  early  stages, 
the  time  intervul  between  the  early  development  stage  and  the  installation  of 
the  first  operational  equipment  giver  invaluable  information  regarding  the 
lead  time  that  the  enemy  requires  to  develop  and  make  operational  use  of 
equipment, 
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In  nntlysinf  diffarcnt  conipSex^K-mluile  ransii^f  atomic  planti— 
the  ua«  of  electronlca  raconoalsatnce  hu  become  of  greater  and  greater 
importance.  The  obaervatlon  of  our  own  mirfile  rangea  hu  diKloecd  a  cloae 
correlation  between  lignal  traffic  and  mluile  launchings;  the  analysis  of 
these  signals,  tlieir  types,  and  their  schedules  conveys  to  a  skilled  analjrst 
important  Information  regarding  missile  operations  (Figure  4-1).  Infor¬ 
mation  regarding  missile  capabilities  can  be  effectively  obtained  by  radar 
observation  of  mlMile  trajectories,  especially  when  correlated  idth  the 
interc^tion  of  telemetered  signals.  In  the  aggregate  it  can  be  stated  that 
the  continuous  increase  in  development  of  electronic  facilities  has  multiplied 
the  importance  of  their  interception  and  has  increased  by  very  large  factors 
the  amount  of  information  which  can  be  drawn  from  it.  Electronics  and 
communications  reconnaissance  may  contribute  as  much  or  more  useful 
data  thari  photograiiAic  reconnaissance  of  the  »me  area.  Actually  the  prob¬ 
lem  of  photographic  reconnaissance  can  be  greatly  eased  by  the  use  of 
electronic  devices:  the  careful  photointerpretation  of  large  areas  of  land  la 
not  easy  unless  data  as  to  where  the  observer  should  concentrate  hU  atten¬ 
tion  are  available.  Electronic  emittera  are,  by  their  very  nature,  almost 
impossible  to  camouflage  and  for  this  reason  their  locations  are  often 
indicative  of  the  presence  of  targets  of  importance  for  photographic  recon- 
naisaance.  It  is  conceded  that  targets  exist  that  do  not  emit  or  reflect 
electromagnetic  tignals;  therefore,  this  mutual  support  between  seiisors  is 
not  of  univeiial  um.  Experience  and  analysis  Indicate,  however,  that  there 
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arc  a  number  of  caMt  where  reconnalMance  can  be  Increaied  in  eilectivcnew 
by  combinations  of  all  typee  of  electronic  radar  and  photographic  aenawt. 

4.6  Operational  Exploitation  of  Radar  WeakneMoa  by  Means  of 
Eleetroolct  ReoouBalaaaaoc 

As  stated  in  the  previous  section,  one  of  the  fuiidamental  propertice  of 
electronic  signals  is  that  they  cannot  always  be  camoufltfed,  and  a  weak’ 
ness  of  radars  is  that  their  signals  must  k«  on  the  air  in  order  for  them  to 
be  effective.  An  alert  enemy  with  good  nteans  of  reconnaisaance  can  effec¬ 
tively  employ  this  woakness  to  hie  advantage.  The  best  way  of  orplalnitig 
how  this  can  be  done  is  to  take  as  an  eiiample  an  Early  V7aming  System. 
This  system  might  use  very  powerful  radars  that  can  be  Intercepted  at  a 
loiig  distance.  It  they  were  turned  off  fee  maintenance  of  malfunction,  the 
enemy  could  easily  be  alerted  by  hit  reconnaisaance  and  choose  that  time  as 
the  bMt  one  *o  launch  an  attack.  Furthermore,  the  enemy  could  from  time 
to  time  je  the  system  by  using  Jamming  or  decoying  to  determine  our 
reactions  to  «iich  signals.  He  could,  for  instance,  determine  the  range  over 
which  wc  •  rj  tune  a  transmitter  in  a  given  time.  This  information  would  be 
invaluable  to  an  enemy  planning  attacks  against  our  defenaat.  In  a  similar 
way,  naval  task  forcM  and  aircraft  flights  could  dattrmlne  tha  alertness  and 
operatiorial  prociKlures  employed  by  an  enemy  to  protect  his  shore  Uitee. 
Continuous  but  intermittent  Jamming  or  deception  operations  by  an  alert 
enemy  might  be  effective  u  a  countermeasure  of  Early  Warning  Systems 
if,  by  forcing  the  defenses  to  "cry  wolf"  enough  times,  they  can  reduce  the 
national  confidence  in  such  a  weapon. 

4.7  Communloatlona  Intercept  and  TraiBv  Analyfla 

It  is  well  known  from  newspaper  r^rts  and  historical  records  that  the 
interception  of  enemy  communkatlons  has  been  of  vital  Importance  many 
times  in  determining  the  outcome  of  a  battle  or  of  a  war.  It  is  not  the  pur¬ 
pose  of  this  chapter  to  diKusc  the  methods,  the  procedures,  or  the  collection 
devices  used  to  intercept  communications;  nor  Is  the  intent  of  this  chapter 
to  discuss  the  deciphering  of  enemy  messages.  Some  aspects  of  communica- 
tlun  reconnaissance  are,  however,  closely  etwugh  related  to  electronics 
reconnaissance  to  warrant  separate  consideration  ir.  this  chapter. 

The  value  of  traffic  analysis  can  be  demcnittrated  best  by  assuming  thst 
the  coding  methods  used  by  a  hypothetical  enemy  are  such  that  decoding  Is 
impossible.  Despite  the  impossibility  of  decoding  ■.icssages,  communica¬ 
tions  intercepts  are  very  important.  Many  parts  of  the  meiaage  other  than 
the  content  convey  information.  The  type  of  transmission;  addressees;  the 
number  of  messages;  signatures;  length  of  the  niesstiges;  the  t;,'pes  of  trans¬ 
mitters  employed,  their  jwwgrs,  ranges,  types  of  modulations,  the  tyj'e  of 
code,  its  apparent  c.on'.plic&tion  ana  sophisttcatlon — all  these  are  cha'ac- 
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crlftic*  that  can  permit  lortlni  and  clawiflcatlon  In  a  way  similar  to  that 
employad  in  the  analysis  of  otnventional  ELINT.  The  relative  frequency 
of  multiple-address  message;  to  a  group  of  users  will  establish  their  common 
interests  Then,  later-acquired  knowledge  about  one  of  the  group  might 
indicate  the  interests  and  missions  of  the  others  in  the  group.  A  sudden 
increase  of  trsfAc  between  a  logistic  and  an  operating  unit  may  give  ad¬ 
vanced  warning  of  an  Important  operation.  To  avoid  warning  the  Germans 
of  the  impending  invasion  of  Ncrmar^y  during  World  War  II,  many  dummy 
tnessages  were  sent  starting  several  months  ahead  of  D-Day  to  establish  a 
traffic  level  identical  to  that  required  Just  before  end  on  D-Day. 


4.8  AlaraiM  and  Aaalycls 

One  of  the  fundamental  purposes  of  reconnaissance  is,  of  course,  to 
recognise  the  existence  of  unexpected,  new,  or  particularly  important  signals 
in  a  large  mass  ot  trafAc.  It  is  Important  to  understand  that  electronics 
reconnaissance  has  two  separate  and  distinct  missions.  The  first  is  that  of 
determining  that  a  particular  signal  dues  not  belong  to  any  known  class. 
The  second  is  that  of  analysing  the  character  of  si|niils  to  determine  in 
detail  all  their  characteristics. 

The  distinction  between  merely  discovering  the  existence  of  signals  and 
analysing  them  is  an  important  one.  It  is  important  in  the  operation  of 
ELINT  programs,  and  it  is  important  in  the  designing  of  equipment  aimed 
at  the  detection  of  ELINT.  It  is  much  easier  to  make  end  design  a  number 
of  devices  capable  of  alerting  an  operator  when  something  either  expected 
or  unexpected  occurs  than  it  is  to  make  devices  capable  of  making  analyses 
of  all  kinds  of  signals.  However,  if  the  distinction  between  detection  and 
analysis  is  kept  in  mind,  it  is  possible  not  only  to  proceu  large  amounts  of 
electronic  traffic,  but  also  to  d^gn  devicu  that  select  out  of  this  traftk  the 
very  small  percentage  that  is  unfamiliar  or  for  other  reason  deserving  of 
special  notice.  An  alarm  may  then  be  sounded,  a  strike  reconnaissance  mis¬ 
sion  initiated,  a  missile  or  decoy  launched,  or  finally — most  Important — 
from  the  intelligence  point  of  view  a  number  of  analysis  devices  may  be 
turned  on  with  or  without  recording  capabilities. 

It  is  only  by  this  analytical  means  that  effective  use  can  be  made  of 
wideband  recording,  or  oi  human  observation  of  oscilloscope  patterns.  In 
the  pretence  of  the  large  number  of  electronic  emitters  with  which  a  civil¬ 
ized  country  deals  today,  and  which  an  aircraft  or  a  greund-based  station 
Is  likely  to  encounter  In  a  theater  of  operations,  analytical  procedures  are 
necessary  if  electronics  reconnaissance  is  to  be  effective.  Present  intelligence 
estimates  lead  us  to  expect  the  intercept  of  at  least  4000  important  oignali 
every  second  by  aircraft  dying  over  a  heavily  defended  area  at  50,000  feet 
(Figures  4-2a  and  b). 
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4.9  Conclutlon 

Electronics  reconnaitsance  and  its  operational  eniployment  are  increasini 
in  importance  because  of  the  continuous  increase  in  the  number  of  radars 
and  other  electronic  emitters,  and  because  of  the  increasing  sophistication  of 
these  weapons.  The  function  of  ciectronics  reconnaissance  devices  has  been 
extended  from  that  of  simple  aircraft  detection  to  the  detection  of  warlike 
intentions  on  the  parts  of  potential  enemicsi  to  battleflfld  surveillance,  to 
the  determination  of  enemy  missile  launchings,  and  to  the  study  of  enemy 
production  and  industrial  capabilities,  political  move.s,  and  covert  data 
collection. 
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8<1  Inbroduotlm 

Opcratlonti  tnvironnteat  playi  »  Urge  ro!«  in  the  dcalgn  of  int«ttpt 
equipment  for  the  detection,  locetion,  and  recognition  of  a  lignal  aaeodat^ 
with  a  particular  piece  of  radiating  electronic  equipment.  The  envircHunent 
of  primary  concern  is  that  often  referred  to  as  the  electronic  or  signal  en- 
vironntent.  When  a  radar,  a  guided  miMile,  a  bomb  fuse,  or  an  aloctronic 
counternteasure  system  must  operate  in  an  area  in  which  there  are  many 
elactronugnetic  radiators  it  is  nKC.esary  to  knew  the  nature  and  amount  of 
the  interference  that  may  be  present  in  order  to  design  equipment  that  will 
function  properly.  A  variety  of  studies  aim  at  deecribing  or  measuring  in 
seme  manner  the  expected  pulses  or  sequences  of  pulia;  from  the  environ* 
ment  which  could  actually  cause  malfuncticn  of  the  receiver  or  its  assoeiateQ 
equipment.  The  material  in  Section  5.2  describes  briefly  three  such  studies 
and  compares  some  resulting  estimates  of  the  signal  density. 

In  Section  5.3  a  procedure  for  obtaining  tactical  electronic  intelligence 
(ELINT)  information  from  a  ('omplen  signal  environment  is  described.  The 
device  recommended  for  use  is  a  simple  pulse  counter. 

S.1.1  A  Brief  SumRury  of  Recent  Work 

The  first  real  awareness  of  an  interference  problem  occurred  during  World 
War  IL  A  natural  outgrowth  was  a  military  request  for  the  detailed  descrip* 
tion  cf  what  was  called  the  “Radnr  Order  of  Battle'*  for  two  opposing  field 


5*1 


0 


. !  TRONIC  COUNTERMIt^URES 


•rtnlM.  Th«M  atudie*  wes«  don«  with  Um  cooptnUon  of  consultlni  field  Army 
penonael  end  took  the  tonn  of  doUiled  chirU  lilting  lU  ridlitlng  eqtdpmcnt 
SMOclited  viUi  a  field  anny  and  geographic  nt^pa  ahowlng  typical  deploy- 
menti  of  tllK  tactical  unite  with  thalr  uioclated  radiating  equipment.  Ae 
new  equipment  wae  developed  and  different  army  organtaatiooe  were  planned 
a  project^  radar  or;lM'  of  battle  for  the  1960*196S  period  wai  obtained.  A 
Rand  report  (Reference  1 )  wae  one  of  the  ftrel  d  theee. 

The  moat  ixxnplete  Uat  of  radlatleg  equipment  aaaodated  with  the  U.8. 
field  army  and  the  oppoaing  enemy  ftdd  army  now  available  la  Volume  11 
of  the  FiKsl  Rtf  Oft,  Pnt}tct  Monmouth  I  (Reference  2).  The  geographic 
deployment  of  the  electronic  equipment  ii  tlmt  which  would  be  expeett^  In 
the  atratcgic  European  area  in  Oennany.  The  Imj^ed  large  number  of  algnala 
that  would  be  preaent  and  recommendation!  for  reducing  the  poaaibic  inter* 
ference  are  praaented  for  both  the  communlcetlon  and  the  radar  frequmtey 
banda. 

Project  Monmouth  I  and  other  atudiea  pdnt  out  dearly  the  powibillty  of 
unictentiofud  interference  that  may  continue  to  occur  In  the  future  and  it 
deacribea  ahe  variety  of  lignala  ediich  may  need  to  be  analyied  1^  intercept 
equipment,  Theee  atudiea  fail  to  anawer  the  queation  often  aakad  by  the 
dealgn  engineer:  how  many  algnala  having  aimllar  pafimeters  will  the  ayatem 
be  required  to  handle  aimultaneoualy?  More  recent  efforta  may  be  able  to 
offer  an  anawer  to  thli  queation. 

Myera  and  Van  Every  (Reference  3}  devekped  a  method  for  predicting 
the  lignal  density  to  be  expected  to  arlae  from  a  given  distrlbutioQ  of  rad,^. 
Signal  dsnalty  la  defined  u  the  total  number  of  pulaaa  reedved  above  the 
receiver*!  aenaltlvity  level.  The  main  body  of  the  report  la  devoted  to  pre¬ 
diction  of  the  aignal  demity  to  be  expected  in  L-,  S-,  and  X-banda  during 
an  active  wartime  aituation  In  Europe  in  the  19&0  p(wlod. 

Tn  a  report  done  ct  Helper,  Inc.  (Reference  4),  an  attempt  haa  been 
made  to  preeeiit  the  dectromagnetic  environment  witMn  adilch  tactical  coun- 
tormeaaurea  muat  operate.  The  aim  of  the  report  ia  to  eatabUah  reallatic 
technical  and  eperatioaa!  requirenMnta  for  luch  countarmeaaurca. 

The  approach  involved  Mttlng  up  a  geographical  model  of  a  iyidcal  army 
area  and  aurroundingi  with  a  "r^ietic**  defenae  deployment  of  men  and 
field  equipment.  A  lUt  of  all  devkea  whoae  radiation  contribute!  appreciably 
to  the  electromagnetic  environment  along  with  the  nature  and  volume  of 
traffic  handled  by  theee  devicca  during  a  typical  battle  waa  compiled.  Uaing 
a  digital  computer  a  determinatlca  of  the  ligiaal  complex  aa  aeen  by  one  or 
more  intercept  ataticna  atrategically  located  within  the  field  army  area  waa 
made.  The  computer  waa  programmed  to  include  certain  sffKta  from  aky 
wavea,  from  terrain  reflectlona  and  from  other  propagation  phenomena.  Aa 
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oqpcrimtatal  progrtin  h«ld  in  Arisooa  offered  eome  eisqpirical  inputa  to  tlie 
over-ell  profrem.  Thia  ia  e  very  comprehanaive  atudy  Imt  lusfortuneteiy  la 
time  end  locetion  limited.  It  ahould  however  be  very  tieeful  In  the  deeign  of 
eqidpmcnt  for  lue  In  the  immediete  future. 

8.3  A  DeeciipIloB  of  the  Three  Slfiud  Deoelty  Stadlee  Done  at  the 
Sylvonla  Electronic  Defense  Laboratory 

SlfSMd  environment  atudlee  st  Sylvenie  inatltutsd  with  the  pritnery 
eim  of  obtaining  e  method  for  eatimeting  the  auaber  of  aignela  e  receiver- 
anelyacr  ayatem  will  be  expected  to  handle  aimulteneouily.  Such  informetloa 
la  eaaentiel  for  the  design  end  development  of  auch  equipment.  In  eddltioa 
the  effect  of  the  verioua  reedvar  end  snviroamraitel  peremetera  on  thia 
number  la  of  interest. 

8.3.1  A  Monte  Cario  Tcehalqoo  for  Datarmtnlng  *he  Sifnd 
Density  Ic  s  Tactical  Mtiaotlon* 

The  engineer  designing  intercept  systems  (composed  of  on  entnme,  e 
receiver  end  e  pulse  enelyaer)  hea  et  Us  ^mmend  some  ayetem  peremetera 
adilch  if  Judiciously  chosen  will  reduce  the  number  of  aignela  the  enelyaer 
must  handle.  Those  chosen  os  most  important  tot  this  study  ere:  antrana 
beemwldth  (assuming  e  cosecent  squere  entenne  pattern),  entenne  gain, 
receiver  sensitivity  end  receiver  bendwidtn.  These  peremetera  limit  the  sigeel 
density  which  here  is  token  to  meen  the  number  of  independent  slgnela  t&at 
eppaer  et  the  input  termlneis  of  the  aigiud  enelysis  equipment  Is  e  spedfled 
interval  of  tints.  Signal  environment  for  this  atudy  is  defined  es  tte  total 
eoMmble  of  sifnela  in  the  elMtromegnetk  qtectnun  that  the  Intercept  equip¬ 
ment  ia  cepebie  of  receivlEig. 

Auttmi^hsu  end  Mtikedt  Ut$d  to  JSttUd  tho  Montt  Corlo  Uodol,  To 
determine  the  signal  density  of  the  output  of  e  receiver  the  signal  environ¬ 
ment  described  by  Hlebert  of  Rend  Corporation  in  R-280  was  used.  The 
study  was  limited  to  the  373  verloiw  types  of  S-bend  equipment  tac¬ 
tically  deployed  luong  n  iheofetica!  bettls  front  chosen  ss  the  esst-weat 
German  thundery  between  Wltecnheuier  at  the  north  end  Coburg  at  tbe 
south.  Oppoelng  the  U.  S.  field  eraiy  It  a  USSR  field  army  with  ntimatei 
of  the  kinds  end  locations  of  their  electronic  equipment.  W’tUn  these  ofqiKie- 
Ing  armies  exact  location  of  tbo  various  radiators  hod  been  p!tg>oint4Kl. 

In  the  U.  S.  Army  oil  equipment  with  tun&jle  magnetrons  wu  arbi¬ 
trarily  assigned  permisiible  sub^nds  in  which  to  operate.  For  a  pcTticular 
radiator,  the  subband  in  which  it  would  operate  wu  determined  by  random 
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Ml«ctloki.  In  th«  cue  of  flud  mftgnttron  •quipment  it  wu  mnmd  thAt 
nCiffiiRt]  dlmenaioQt  c!  tb*  cavity  art  apocifltd  on  the  baab  of  a  dMign  fra» 
qucncy  centcrad  in  tb«  band  of  tha  mafuatroD.  A  gauaaian  diatributioo  wm 
aMumed  to  ''Mcribe  tbe  e»ct  oparatlng  fraquandaa  of  a  flvan  taafoatron 
typa.  Tha  oparating  frequancy  for  a  particular  radiator  was  than  aaiacUd 
f'om  tha  distributioa. 

For  the  opposing  forces  all  S*band  equipment  types  wore  aarumad  to  be  a 
Soviet  equivalent  of  the  AN/MPQ*10.  Tha  method  dcxrfbad  above  was 
used  to  assign  fraquandaa  except  for  slight  modiflcaUcoi  needed  to  account 
for  the  tighter  tolerancaa  common  in  Russian  menu.'  *'•  dng. 

A  gausalan  curve  was  flttad  to  tha  half<power  beamwldth  of  antennas 
to  tha  Isotrt^lc  level.  Iiotrt^c  level  was  assumsd  outside  tha  na  '*  beam 
since  the  primary  object  was  to  dete  mlne  the  probaUa  transmitter  an.  'na 
gain  in  the  direction  of  the  intercept  site.  For  tracking  radars  thia  patteri. 
'/na  assumed  in  both  elevation  and  aslmuth.  However  this  had  no  effect  on 
ihe  signal  density  since  such  radars  are  more  likely  to  be  pointed  upward. 
Tbe  pointing  direction  of  the  .nrioiu  eaarch  rtdara  relative  to  the  Intercept 
site  was  made  by  assigning  an  equal  probability  to  each  dircrUoo  and  sam^- 
ing  randomly  from  the  uniform  distribution. 

Tbe  intercept  site  was  selected  at  a  point  30  kilometers  behind  tha  main 
line  of  resistance  riear  the  center  of  the  army  area  and  on  tesaonably  high 
ground  seved  by  a  road. 

Assuming  the  tranamitter  antenna  and  receiver  antenna  each  at  a  height 
of  18  feet  above  the  ground,  transmiselon  ioesee  were  computed  using  tbe 
radio  range  equation  for  linew>f-aight  tranamisslon  and  a  nwdiftcation  of  it 
for  transmlialon  bsyond  the  radh>  horlaoa.  The  contributlone  to  the  efgnal 
environment  at  the  intercept  lite  for  any  given  radiator  wero  obtained  and 
plotted  on  a  graph  showing  ircquency  veraua  free  space  power  at  iixed 
aslmuth. 

An  Intercept  receiver  can  be  thought  of  as  a  narrow>pa«s  filter  whoae 
input,  in  this  case,  is  tbe  signal  environment  and  whose  output  is  the  signal 
density.  Such  a  (liter  ii  dependent  on  the  receiver  antenna  pattern,  aesisl- 
tivity,  and  bandwidth.  By  choosing  reeionable  vaiuec  of  these  perametera 
it  was  poulble  to  make  a  cutaway  template  on  the  same  teak  as  that  used 
on  the  receiver  input  charts.  Placing  It  on  tbe  frequency  varaue  free  iqkace 
power  chart  an  antenna  scanning  in  frequency  was  simulated.  The  signal 
density  was  obtained  by  counting  the  number  of  points  that  appear  in  the 
antenna  pattern  template  at  each  frequency  of  interest  and  in  aaimuth 
Incremcnti  o(  4  degree  over  a  90  degree  sector.  (See  Figure  S-1.)  Figure 
5-2  is  a  sample  chart  of  the  resulting  signal  densitiea. 

The  signal  density  figures  in  Figure  3'2  show  the  number  of  different 
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tlut  net/  ippatr  idtbJo  Utz  htrA- 
wiidth  of  tlw  rtediver  durli^  tbe  iBtarvtl 
cf  tioM  Uuit  tlM  rtr^vtr  U  "locUag*'  at 
Um  detignatad  »rauth  and  fraqtmcy  7ti* 
ftn94a  !:;Wrn  tram  tha  study  it  from  the 
r^on  of  maximum  ftfual  dsoiitka^  aight 
batof  tha  kij^iaat  vaiua  obtalaad  is  tha 
study.  Slaca  as  enamy  aquipmaot  afpaan 
la  thaaa  fraquotcias  la  tha  Raad  Modal  aii 
tha  ilfoak  rasairad  are  fr{ced^_8^.d|>- 
naxtt. 

It  k  raoognls*^  out  naoy  sln^fytait 
aaaumptlOiV  '.,ara  mada,  but  It  k  fait  that 
th«  Bpr''uich  k  reasviiaMa  aod  tha  naults 
tha  right  order  of  magaituda. 
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S.S,2  A  Datarmlnlatk  Modal  for  Eatlinatl!S|l  Signal  Doaalty* 

Tha  present  signal  intarfaranca  problems  in  tha  crowded  communication 
bands  and  tha  rapid  advance  of  tube  technology  have  Mt  in  motion  a  trend 
toward  controlled  use  of  the  niiiitary  frequency  bands.  Thus  a  laasonabla 
aMumption  from  which  tu  start  a  signal  density  study  is  that  the  probability 
of  finding  a  transmitter  of  a  given  type  in  any  square  meter  of  t^  ralava&t 
part  of  ths  earth’s  surface  is  the  same  as  in  any  other  square  meter.  This 
as9v.inptlon.  though  not  completely  realistic,  has  the  advantage  of  no  longer 
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requiring  the  precise  ty^^f^ocetlon,  aod  frequency  of  each  of  a  long  list  of 
t:*asmitterf.  jj  ,^j(g  rather  t^ious  computations  vriilch 

effect  of  each  transmitter  on  the  signal  enviroamaat  at  the 

"iuWrcept  site. 

i<ti«mpffo«M  attd  UttktmalkaJ  MoM  Vud.  The  power  Pr  deliv^^u  to 
input  terminals  of  a  receiver  ehich  l<  at  distance  r  from  s  transmitter  of 
power  Pi  on  a  direct  line  of  sight  is  given  by 

p,  A'-'GrC:V16ir*r»  (S-1) 

where  K  is  wavelength  &>  the  signals,  G,  the  gain  of  the  rMeivlng  antenna 
*r.d  Gi  the  gain  cf  che  transmitting  antenna.  If  we  set  Pr  equal  to  Pr,  the 
threshold  •snsitlvity  of  the  receiver,  we  may  solve  Eq.  (S-i)  for  the  maxl- 
mMRi  range  of  the  receiver  within  the  line  of  sight,  obtaining 

r  (\/4w)  (Gfi,P,/Pr)'*  (S-2) 

Because  the  gain  Grim  function  of  the  asimuth  ai^ie  p  for  a  given  receiving 
antenna  orientation  the  range  is  also  a  function  of  p.  The  area  under  the  curve 
f(p),  plotted  in  polar  coordinates,  deflnes  the  region  within  which  all  trans* 
mitters  of  effMtlve  power  CriP|  are  picked  up  at  the  receiver.  The  area  en¬ 
closed  by  this  curve  ib 


A,=  U*C,P,/32ir«)P,  /*' <74dp  (5-3) 

•'f 


Let  n,  be  the  number  of  transmitters  of  effecti  •  power  GiPi  per  unit  area 
whose  carrier  frequencies  fall  within  a  band  of  width  B.  If  iSi  B)  is  the 
bandwidth  uf  the  receiver  the  expected  density  of  those  transmitten*  whose 
carrier  frequency  falls  within  the  passbsnd  of  the  receiver  is  bH,/JS  and  the 
expocted  number  of  such  transmitters  within  area  A,  is  bniAi/B,  Summing 
over  all  types  of  transmitters  we  find  the  expected  signal  density  is 

AT  r=  ^  /o*" 

I 

where  s  =  ie  the  total  effective  radiated  power  per  unit  area. 

I 

If  we  take  into  account  the  spectral  spread  of  the  transmitted  signals  and 
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tb«  lelactivity  charocteriftic  of  the  rtcalvw  by  nMuming  both  srt  gauHiiit 
(that  ii,  tha  traniinlited  algnaU  art  pulaea  of  gatnalaa  anvtiope,  T  Mcondi 
loRf,  1.086  dadbeU  down,  and  that  the  receiver  pauband  U  b  cyciee  per 
MGond  wide,  1.086  dedbcia  up  from  the  minimum  threihold  Pr),  the  expected 
signal  density  becomes 


bT 


•  JJ'  Gr(p)  d#  (S-5) 


An  Exitntion  to  Transmtstion  Boyond  Iht  Horkon,  When  the  range  of  the 
receiver  is  likely  to  be  limited  by  signal  attenuation  due  to  tropospheric  scat¬ 
tering  the  expected  number  of  signals  is  given  by 


X  yj"  [Grii 

X  j'j  -i 


I/a 


"'•tJ-  •  -rS-  w'’’) 

I 


I/I 


(S-6) 


In  both  cases  the  actual  number  of  signals  wiil  have  a  Poisson  distribution 
with  parameter  N. 

If  it  is  not  known  in  advance  whether  the  furthest  transmitter  that  can  be 
picked  up  is  beyond  the  horiion,  both  Eq  (5-5)  and  (5-6)  nnay  be  computed. 
The  smaller  of  the  two  results  should  then  be  lued  since  it  corresponds  to 
the  range-limiting  phenomenon  that  uets  in  first. 


S.2.8  A  Stodsaetle  Proeese  Model  of  the  Signal  Environment  at 
the  Output*  of  an  Intes^pt  Receiver 
If  the  output  of  an  intercept  receiver  as  it  sweeps  in  aximuth  and  searches 
in  frequency  is  presented  on  •  panoramic  display,  signals  will  appear  to 
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coRM  and  go.  For  a  tactical  altuation  whero  a  wide  variety  of  radiating 
equipment  ia  in  uae  it  is  reoaocabie  to  auume  that  the  arrival  and  departurea 
of  aignala  may  be  deacribed  by  a  random  proceN.  Proceeding  from  thla 
aaaumptlon  a  technique  for  relating  paramatem  of  interact  in  the  daeip  of 
puiaed  cigstal'anaiyaing  equipment  to  the  erqmcted  number  of  aignala  ar^ 
riving  in  aome  inatant  at  the  output  of  the  intercept  receiver  ia  developed. 

The  point  of  view  taken  in  thia  aectlon  ia  different  from  that  in  the  prevloua 
aectiona.  Signal  environment  now  ia  conaidered  to  be  a  function  of  the  re^ 
celver  perametera  aa  well  ae  the  geognqjhic  diitributlon  of  the  tranamlttera. 
Thoae  aignala  that  could  be  dletlnguiahable  above  a  given  noise  level  at  the 
output  of  the  Intercept  receiver  are  the  only  ones  included.  The  signal  den- 
elty  at  some  Inatant  is  the  number  of  aignala  that  arrive  at  the  output  of  the 
receiver  during  lonie  given  short  period  of  time-~R  period  that  ia  long  with 
reqiMct  to  the  smallest  pulse  r^Utlon  period  but  short  with  reqwet  to  the 
sweep  time  in  aalmuth  and  frequency. 

Definition  of  the  Cotegoritt,  In  order  to  deecribe  the  signal  anvironment 
we  define  four  categorise  of  signals  in  temu  of  their  arrival  cbaracteristlcs 
at  the  output  of  the  receiver.  If  we  consider  a  signal  whosa  powtr  density  at 
the  receiver  input  is  such  that  it  is  detected  only  when  either  the  transmitter 
antenna  points  at  the  receiver  or  the  receiver  antenna  points  at  the  trans¬ 
mitter  as  two  independent  signals  the  following  cateforles  are  mutually  ex¬ 
clusive; 

Category’  1;  Signals  that  are  received  continuously  at  some  fixed  fre¬ 
quency  regardleai  of  the  orientation  of  the  receiver  or  the 
tranrmitter  untenna. 

Category  2:  Signals  that  are  received  at  a  fixed  frequency  when  and 
only  when  the  line  joining  the  receiver  and  transmittK  is 
contained  in  the  beamwidtb  of  the  receiving  antenna. 

Category  2 :  Signals  that  are  received  at  a  fixed  frequency  when  and  only 
when  the  line  joining  the  receiver  and  transmitter  is  con¬ 
tained  in  the  beamwidtb  of  the  transmitting  antenna. 

Category  4:  Signals  that  are  received  when  mid  only  when  both  the 
antenna  beamwidtb  of  the  receiver  and  the  antenna  beam- 
width  of  the  transmitter  contain  the  line  joining  the  traru- 
mitter  and  receiver. 

The  signal  density  a.  the  output  of  the  receiver  is  described  by  wtitiug 
the  probability  density  function  for  each  of  the  categories  in  terms  of  these 
system  parameters :  receiver  bandwidth,  antenna  beamwidth,  sicimuth  sector 
scanned  by  the  receiver  antenna,  frequency  region  searched  by  the  receiver. 
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truamlttK  tnttnns,  beftmwldth,  and  Um  number  of  transmitters  in  the 
rtfion.  The  number  of  signals  available  in  each  category  Is  assumed  to  be 
given  by  a  map  of  the  geographic  distribution  of  transmitter  locations. 

TJu  SigtMl  Density  Model,  Oa  the  assumption  that  the  signals  arriving 
at  the  output  of  the  receiver,  rH;ardleas  of  category,  are  uniformly  and  iki‘ 
dependently  distributed  over  the  frequency  ^>ertrum  and  asimuth  sector  of 
inte'.'cst,  pmbability  density  functions  were  obtained  for  each  category.  If 
we  let  s=  the  random  variable  ranging  over  the  number  of  signals  from 
the  fth  category  received  in  a  given  instant,  (f  as  1,  2,  S,  4),  the  number  of 
signals  at  the  output  of  the  intneept  receiver  is  described  by  the  Poisson 
density  function 


pj.ji:i  +  x,  +  Xi  +  X4  =  »j 


A"e'^ 

N/ 


The  expected  number  of  slgiuils  received  at  any  instant  is 


s=  l^.v,  +  ^ 


a 

T" 


),  J,  in 


where  Nt  —  number  of  signals  in  category  i  (f  a=  1,2,  •),  4)  lot  a  given 
gecgraphlc  distribution  of  transmitters, 
receiver  antenna  beamwidth, 
asimuth  sector  swept  by  the  receiver  antenna. 


a 

A 

f  a  \ 


■  an  average  probability  and  an  estimate  of  the  probability 

that  a  particular  transmitter  antemta  beam  of  category  ) 
0  =s  3,  4)  contains  the  line  Joining  the  transmitter  and 
receiver, 

«  —  apparent  receiver  bandwidth  and 

D  —  frequency  spectrum  searched  by  the  receiver. 

It  is  recognised  thet  many  of  the  approximations  used  in  developing  this 
model  assume  ideal  system  parameters  and  held  situations.  No  attempt  has 
been  made  to  include  signali  from  spurious  responsea  in  the  receiver  or  to 
modify  the  Nt  by  using  probability  denaity  loaa  functions  that  describe  the 
on  and  off  times  for  the  transmitter.  It  is  hoped  that  this  model  sheds  some 
light  on  how  the  system  parameters  used  here  affect  the  signal  density.  Per* 
haps  data  from  future  held  tests  can  suggest  n«odlflications  to  this  model  that 
will  make  it  more  realistic. 

To  apply  these  techniques  to  the  Rend  Corporation  maps  published  in 
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Rsnd-280,  antunu  that  wt  arc  using  c  receiver  witb  eeniiitiyity  15  <!ectbeii 
below  a  miliimtt,  a  gain  G,  in  the  main  beam  o(  50  decibels  In  a  S-degree 
beamwidth,  an  average  gain  on  the  back  and  tide  lob^  c:  7  ded'sels,  and  an 
effective  bandwidth  of  10  m^cycies  jper  second.  These  enable  one  to  eeti- 
mate  the  Nt,  Also  aeeume  we  are  searching  a  frequency  band  of  D  ss=  2000 
megacycles  per  second,  essentially  the  S-band,  and  an  asimuth  sector  of  A  ss 
90  degree  in  which  the  typical  transmitters  have  an  average  |^n  on  the 
back  and  side  lobes  of  C«  =  —10  decibeb  and  a  gain  in  the  main  beam  that 
is  greater  than  the  gain  in  the  main  beams  of  the  receiver.  These  assumptions 
and  the  assumption  that  all  transmitters  are  turned  on,  lead  to  the  conclusion 
that  95  percent  of  the  time  one  would  e3q)ect  no  more  than  two  signals  at  the 
output  of  the  receiver  at  any  given  time. 

Preliminary  studies  aimed  at  con^ring  the  results  of  the  Monte  Carlo 
model  and  the  stochastic  process  mode!  suggest  that  perhaps  the  Monte 
Carlo  method  counts  the  signals  from  one  transmitter  too  often.  In  the  other 
approach  the  basic  assumption  of  a  uniformly  ■  i  adorn  distribution  of  trans¬ 
mitters  is  actually  violated  and  thus  its  ui"  gi'res  too  low  an  estimate  of 
the  signal  density  in  some  regions. 

5i8  An  AppUcatioii  of  Pnlse  Counting  to  Obtain  ra.stt«e£  Eiectrostie 
Intdllgenoa  Infonnallon 

This  section  considers  a  brighter  side  to  the  signal  envircument  problem. 
The  complex  signal  environment  in  a  held  army  area  can  be  used  to  supply 
useful  intelligencR  Information.  The  devke  used  to  gather  this  information  is 
a  sImpL  pulse  counter  rather  than  a  complex  radar  "ftngerprinting"  device. 

S>S<1  Syclam  Philoeophy 

The  system  decided  upon  as  meeting  the  requirements  for  a  tactical  ELINT 
sensing  device  may  bo  summarised  as  follows:  Three  low-sensitivlty  receivers 
are  installed  in  a  drone  along  with  pulse  counting  and  recording  devices.  The 
drone  is  then  flown  on  a  preaasigned  path  which,  based  upon  receiver  sensi¬ 
tivity,  will  cover  the  entire  front  line  and  part  of  the  communication  sone  of 
the  euniy  urmy.  The  system  "counts"  t^  number  of  pulses  received  end 
records  the  resuits  ss  a  function  of  time.  This  infermation  is  recovered  after 
the  drone  lands,  or  by  broadcast  to  a  receiving  site  in  friendly  territory  where 
the  derjlty  is  read  out  and  plotted  on  maps  of  the  tactical  area.  The  contour? 
resulting  may  then  be  used  in  intelligence  inference. 

Basic  to  the  philosophy  !a  the  assumption  that  the  enemy  will  defend  bis 
most  important  formations  most  heavily. 

8.S.2  System  CharacterlsUes 

Any  number  of  drones  exist  capnble  of  carrying  out  the  payload  necessary 
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to  itccoespliih  Um  mMoc;.  Tb«  droa*  UMd  for  tb«  oxunple  dlacuiiod  htro  b 
thf  RB*77,  now  undtr  dmlopment.  The  drooe  ihouki  fly  u  low  m  pocsible, 
conibtcBt  with  Iti  Mfety.  A  low-flying  elrsrtft  b  difflndt  to  track  and 
prevenU  the  uae  of  atomic  warheada  la  aurfact-toHilr  mlarilea.  From  a  data 
gatherinf  itondpolnt,  it  preveoU  leveral  antiaircraft  fystansa  from  simyltan- 
•oualy  tracking  the  drone  and  thua  dlaturblng  the  pulae  counting. 

Within  the  drone  the  receiving  and  recording  eyetcm  aboidd  cover  the 
frequency  region  of  the  nr.ajor  enemy  radiating  equipmenta.  A  poaeible  con- 
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figuration  of  receiving  and  recording  equipment  !a  ahown  in  Figure  5-3.  The 
autopilot  conunanda  ahould  be  recorded  is  cnler  to  know  the  tra^k  of  the 
drone.  The  altimeter  reading  ahould  be  recorded  to  help  resolve  ambiguitiea 
and  to  determine  effacta  of  terrain  on  the  data  whenever  thla  ia  neceaaary. 

Continuow  rebroadcaat  of  data  may  compromiae  the  ayatem  and  aimplify 
paaaiva  tracking  by  the  enemy.  To  prevent  large  acale  ^>ooflng  the  purpoae 
of  the  drone  flighta  ahould  be  carefully  guarded.  To  inaure  a  high  probablUty 
of  aur\'ival  of  the  drone,  enemy  tracking  ahould  cot  be  facilitated.  Therefore, 
the  ayatem  ahould  record  the  data  gathered  and  cither  rebroadcaat  it  in  oc- 
taaional  abort  apurta  or  atore  it  for  analyaia  after  the  drone  landa. 

S.8.3  Recults  of  a  Wair  Game  Teat  of  the  Pklloeophy 

In  order  to  teat  the  feuibllity  of  tiie  acheme  auggeited,  a  war  gaming 
technique  or  aampling  experiment  ia  needed.  Since  a  Haller,  Raymond  and 
Brown  (HRB-Singer)  report  (Reference  S)  waa  readily  available,  St  waa 
decided  to  use  the  development  given  therein  to  teat  the  model.  Certain 
aaaumptioni  were  made  which  are  given  below: 
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AmmftUm:  The  ectual  fen»  of  the  Whiff,  FlrecHU  «>d  Croin- 
fork  Mtimuu  probebly  tppmn  eomewhiit  te  is  FIfure  S-4ft.  The  aesumed 
BStenna  petUra  for  uae  in  the  game  is  chown  in  Figure  l•4b;  that  la,  we 


aiauRM  an  iaotropk  pattern  except  for  the  main  lobe  of  each  antenna.  Thla 
Ic  a  common  aiaumption  in  pr«i-.minary  itudlea  of  thb  typo, 

SatuMvtiy  AtiumptUm:  It  waa  very  eaay  to  obtain  a  aasaitlvity  in  all 
three  receivera  to  give  a  '''''^mila  range  agalnat  the  varioua  enemy  equip¬ 
ment,  when  the  receive'  jt  in  the  fine  atructure  of  back  and  aide  lobes 
(aaeumed  iaotropic)  ot  r  w  equipmet^ta.  Thua,  it  waa  aaaumed  that  the 
aenaitivity  of  ea^  raceivaf  waa  aet  at  a  level  auch  that  &  aignal  waa  recog¬ 
nised,  whoever  the  drone  was  within  four  miles  of  the  transmitter  source 
regardless  of  the  transmitting  antenna’s  orientation.  Of  course,  a  signal 
would  be  recognised  and  counted  whenever  the  drone  was  within  the  major 
lobe  of  the  source  equipment  antenna  at  mv'sh  greater  diaiancee. 

The  actual  data  gathering  waa  carritd  out  in  a  manner  deecribed  in  this 
section. 

First,  the  HRB'Stngcr  report  wu  utad  to  provide  a  tactical  mcxlel  of  the 
held  army  engaged  In  battle  over  eeveral  ^ys.  Searches  with  the  drone 
occuiTed  at  3300  or.  26  June,  1700  on  17  June,  and  1200  on  !7  June.  These 
timee  were  eelected  arbitrarily  since  they  were  Uu>  Arat  three  mape  in  the 
HRB-Singcr  report.  It  would  probably  be  deeireble  to  search  more  fraquently 
in  an  actual  battle  to  keep  cloter  contact  with  enemy  movementr.  Data  re¬ 
dacted  the  cxietcncs  of  Croe«fork,  Whiff,  and  Firecan. 

Figure  S-.t  which  ehcwi  the  S-band  density  found  at  3300  on  15  June,  will 
be  tued  in  the  diKUuion.  The  other  Avc  contour  overla>'s  arc  not  shown. 

A  Sight  path  waa  Miectad  based  upon  drone  charactariatics  (in  this  case 
the  RB-77)  and  receiver  sensitivity.  The  Sight  path  for  the  2200  Sight  is 
shown  ea  •  dashed  line.  The  triarka  are  milee  Sown. 

Next  a  circle  of  four-mile  radius  wu  moved  with  its  center  constrained 
to  lie  on  the  flight  path  iitie.  The  number  of  radari  In  the  circle  were  counted. 
The  count  repreaented  the  density  of  radar  lignsli  received  at  the  drone 
which  wu  simulated  to  be  at  the  center  of  the  circle.  The  equipment  would 
actually  record  the  number  of  pulses  per  second  or  pulse  rate.  Using  this  data, 
A  contour  mp  was  drawn  us  shown.  The  information  wu  then  in  sultabla 
form  fur  use  by  an  intelligence  offleer.  Although  not  shown,  the  same  pro- 
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cedura  vu  dona  at  aach  of  tha  timea  mantlonad  abova  and  in  tba  UHF  and 
S  bandf.  Thfa  was  done  to  ana  bow  tba  concantrationi  cbansad. 

In  making  tbaaa  contour  maps,  actual  pulsa  count  infonrwticm  is  know., 
along  the  fll|^t  path  only.  A  reasonable  uniformity  of  tbe  underlying  dis¬ 
tribution  of  pulse  counts  ti  than  auumad  «o  that  tha  contours  may  be  added 
by  interpolating  between  points  from  two  parallel  flight  paths.  If  there  is 
soma  reason  to  doubt  the  validity  of  such  an  assumption  on  any  particular 
mission,  nn  additional  flight  can  be  used  to  give  more  detailed  information. 


8.8.4  Random  Eleeaaata 

In  the  field  application  of  this  technique,  many  random  errors  wilt  be  in¬ 
troduced.  Tbe  most  troublesome  may  be  the  flight  path  errors.  Since  the 
drone  is  not  tracked  and  no  attempt  is  made  to  correct  during  flight  for  the 
effects  of  air  turbulence  there  may  be  sizeable  deviation  fro.n  the  assigned 
path.  U  meteorological  data  indicate  steady  winds,  the  magnitude  of  these 
errors  may  be  reduced  by  accounting  for  the  predicted  srind  in  the  aut^iioi 
program  for  each  Ijg  of  Uie  flight  path.  A  rough  ftx  on  the  magnitude  of  tbe 
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residual  error  can  be  obtained  from  a  coti^arlaon  at  fU^t  termination  of 
the  programmed  landing  area  and  the  actual  launching  area.  In  genera!  when 
the  air  ia  turbulent,  flight!  ibould  be  abort  to  keep  errora  witMn  tolerafcle 
limiti. 

Other  types  of  errors  such  as  ccunting  errors  due  to  tracking  of  the  drone 
by  enemy  radar  from  time  to  time,  reflections  from  proitiinent  terain  features 
or  Just  propaipktbn  anonudies  ihoidd  not  have  great  effect  or:  the  inferences 
drawn  from  the  contour  map.  The  major  conclusions  are  based  on  relative 
magnitudes  of  the  pulse  counts  rather  than  the  absolute  count.  If  doubt 
eaists  about  certain  regions  on  the  map,  additional  flights  may  bo  used. 

For  each  of  the  above  errors,  attempts  could  be  made  to  design  remedies 
into  the  equipment.  We  feel,  however,  that  such  an  approach  is  not  compatible 
with  the  conitralnta  owntiosed  in  tte  beginning.  Intelligent  adjustments  of 
operating  procedures  con  readily  handle  most  situations  which  may  arise.  In 
using  this  sampling  technique  u  the  experience  of  the  operator  increases, 
the  information  gathered  b^mes  ntore  complete  and  more  reliable.  Train* 
ing  and  experience  with  these  simple  techniques  will  contribute  much  more 
than  complexity  added  in  an  attempt  to  anticipate  every  problem. 

5<8.5  Intelligence  Infosmatlon 

Based  on  information  gcined  from  the  contour  niuqM  it  was  poeslble  to 
make  many  inferences  regarding  the  enemy’s  activities  As  with  any  irtelJ* 
gence  effort,  skill  develops  with  extensive  use,  Hence,  the  equipment  sug* 
grated  would  yield  far  more  information  as  (he  users  become  more  skilled 
in  interpreting  the  concentrations  and  changes.  However,  even  without  ex¬ 
perience,  it  has  been  possible  to  infer  informatim  of  the  following  type: 

(a)  Where  the  enemy  would  attempt  the  crossing  ««s  cleu  from  the 
first  map  shown  in  Figure  S>5.  If  information  on  bow  rapidly  this 
build-up  was  occurring  was  available  in  form  of  similar  contour  for 
1200,  1600,  and  l.tOO,  the  same  dey,  it  would  have  been  poeslble, 
based  on  experience  with  previous  attacks  to  infer  quite  do^y  the 
time  the  attack  would  occur.  Even  the  2200  map  indicates  the  time 
is  close  at  hand  and  doctrine  implies  the  attack  is  probably  scheduled 
for  early  the  next  morning. 

(b)  Major  supply  areas,  depots  and  railheads  appear  u  more  permanent 
defenses.  Even  secondary  railheads  appear. 

(c)  Concentrations  of  troops  of  secondary  sixe  show  tip.  This  would  indi¬ 
cate  a  feint  or  lesser  magnitude  attack  from  that  direction. 

(d)  In  each  of  the  above  cases,  an  indication  cf  the  siae  of  the  atomic 
weapon  reeded  to  disrupt  the  enemy  plans  was  indicated.  Also,  the 
magnitude  of  the  air  deiense  indicates  the  use  of  aircraft  artillery 
or  balUsUc  missile  as  a  aeitvery  means. 
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(•)  Any  shift  in  air  dtfcnM  can  be  detected  when  the  enemy  k  moving 
siqjply  depots  forward  to  new  locations.  This  in  turn  indicates  the 
time  for  interdiction  fire. 

Analysis  by  experienced  personnel  and  more  frequent  filgbts  would  un> 
doubte^y  increase  the  number  and  types  of  conclusions  which  could  be 
drawn  from  these  surveys, 

8.4  CoadusloB 

Most  of  the  effort  in  signal  environment  study  has  been  directed  toward 
describing  the  environment  in  a  tactical  situation.  From  the  resulting  model 
one  attempts  to  deduce  the  type  of  interference  problem  that  n»y  arise  or  to 
simply  describe  the  signal  dsMity  at  a  receiver  output  located  in  the  environ* 
meat.  The  models  obtained  to  date  are  by  enlarge  too  simple  or  too  rigid  to 
lend  tliemselves  to  the  variety  of  problenw  that  involve  such  information.  The 
variety  of  results  obtained  at  many  different  laboratories  throughout  this 
country  constitutss  a  good  start  on  the  general  problem.  There  ia  a  continuing 
need  for  more  effort  to  be  expended. 

An  example  of  an  area  where  effort  is  Just  beginning  arkm  In  evaluation 
of  several  operatiorud  ELINT  systems.  The  signal  environments  at  their 
operational  ailes  need  to  be  adequately  deecribed.  A  flexible,  rapid  and 
raaaonaNy  detailed  method  for  analysing  tbeae  Mvtronments  ia  not  available 
from  the  work  doiM  on  tactical  situation!.  Digital  cmnputer  simulation 
methods  for  application  to  different  pbasee  of  the  over-all  prdblem  are  being 
formulated  at  several  laboratories.  Many  simplifying  decisions  must  be  m&de 
to  bring  this  complex  problem  into  a  tractable  form  for  the  IBM704,  Dooe 
oversimplification  offer  the  moat  meaningful  results?  How  can  the  program  be 
set  up  to  allow  additional  reSneoMinu  u  the  im'ormation  becostes  availabk? 
Perhaps  a  group  of  semi-independent  subroutines  which  can  be  modifled 
with  a  minimum  of  effort  and  whose  results  can  be  readily  combined  into  an 
over-ail  meaningful  description  of  the  environment  will  deve!(^>ed. 

Many  powerful  math«natical  and  statistical  tools  have  bean  dmioped  in 
very  recent  years.  As  these  reach  the  applied  efforts  new  and  different  ap- 
pro^ae  to  the  problem  will  appear.  Better  techniques  for  more  precise 
descriptions  of  the  environment  and  for  design  and  operation  of  electronic 
systems  to  make  tbrnn  more  ind^ndent  of  the  signal  environment  are  badly 
oesdod. 
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Intercept  Probability  and 
Receiver  Parameters 

A.  B.  MACNEE,  D.  B.  HARRIS 


fill  Intreduetlon 

Electronic  warfare  may  be  analyaed  u  a  game.  F^r  every  electronic  device 
that  a  potential  opponent  can  employ  there  always  exists  a  countermeasure 
which  will  reduce  its  effectivenese.  The  feasibility  of  applying  electronic 
countermeasures,  however,  depends  to  a  marked  degree  upon  the  state  of  our 
knowledge  concerning  the  enemy’s  electronic  systems.  Two  classes  of  inform¬ 
ation  are  important.  The  first  of  these  is  whaz  might  be  termed  strategic  in¬ 
formation;  it  includes  such  things  as  technical  characteristics  of  the  system 
to  be  countered,  the  mode  of  operation  of  the  system,  and  the  nature  of 
fupplementary  systents  which  can  be  employed  by  the  enemy.  This  type  of 
information  is  needed  to  make  strategic  decisions  such  as  whether  one  should 
attempt  to  counter  the  system  and  what  characteristics  are  required  for  the 
countermeasures  device.  The  second  class  of  information  is  tactical;  Is  the 
enemy  using  a  certain  electronic  system?  What  frequency  is  he  on?  Has  the 
enemy  shifted  his  frequency  as  the  result  ol  our  jamming  signal?  These  ere 
examples  of  questions  which  must  be  answered  in  the  fleld  if  electronic  coun¬ 
termeasures  are  to  be  successfully  employed. 

One  of  the  mo:>t  importiint  sources  of  both  strategic  and  tactical  IntelH- 
S;ence  concerning  a  potential  enemy's  operations  Is  the  interception  and 
analysis  of  the  signals  radiated  by  his  electronic  systems.  Clearly,  before  one 
can  perform  any  sort  of  analysb  of  signals,  the  signals  must  be  received.  The 
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imporUnt  Initi*!  problem  in  nttemptlns  to  gntbcr  electronic  intellifesce  is, 
if  an  enemy  system  is  operating  and  is  generating  electromagnetic  radiation, 
what  is  the  probability  of  this  radiation  being  detected  and  recogniMO?  Tills 
may  be  defined  as  the  probability  of  intercept  for  a  given  electromagnetic 
radiation.  Gearly  this  probability  ie  a  function  of  the  parameters  of  both 
the  signal  and  the  reedver  employed.  The  objective  o!  this  cbi^itar  is  to 
investigate  the  problem  of  calculating  or  estimating  thla  probability  of  in¬ 
tercept.  Although  several  specific  signals  are  consi^red  for  illustrative  pur¬ 
poses,  the  emphasis  is  on  general  approaches  to  the  problem  and  on  general 
trends  wbish  a];vly  to  a  broad  class  of  signals. 

6.1>1  Signal  DetaeUon 

In  considering  signals  which  an  interc^it  system  nnay  encounter  it  is  il¬ 
luminating  to  classify  them  according  parameters  such  as:  center  fre¬ 
quency  of  radiated  signal,  iqiectral  width  of  signal,  signal  duration,  aignal 
waveform,  signal  strength,  etc.  If  the  form  of  a  lignal  ii  known  exactly,  a 
body  of  signal  detection  theory  is  available  to  predict  the  beet  that  can  be 
done  in  detecting  its  pretence  when  maeked  by  additive  gaussian  nolle  (Re¬ 
ferences  1,  2,  3,  4),  In  such  a  case  the  probatdlity  of  interc^tii^  such  a 
signal  can  be  reduced  to  the  probability  of  detecting  it  in  the  pretence  of 
noise.  This  probability  U  a  function  of  the  probability  of  a  falee  idarm  which 
one  is  willing  tc  tolerate  and  the  ratio  cf  the  signal  energy  to  the  noise  power 

per  unit  bandwidth.  This  problem 
is  treated  in  Chapter  7.  The  opti¬ 
mum  flxed-observation-time  receiver 
performence  is  summarised  by  the 
receiver  operating  characteristics 
which  are  plotted  in  Figure  6-1. 

is  the  probability  that  if  a 
signal  is  present  in  the  noise,  It  will 
be  detected.  PuiA)  is  the  prob¬ 
ability  that  if  noise  alone  la  present, 
it  wiil  be  reported  as  a  signal;  this 
is  a  false  alarm.  The  receiver  op¬ 
erating  characteristic  (ROC  curve) 
plots  Ph,\(^)  versus  Ps(A)  with 
the  detectability  Index  <f  os  a  para¬ 
meter,  The  detectability  index  is 
the  difference  between  the  means 
of  the  probabiiity  density  func¬ 
tions  /«,v(*)  and  fnix)  divided  by 


for  M  signal  known  exactly.  Ih\1{x)]  Is  a 
normal  deviate,  'A/hn  A/k)’** 

=  and  Af»n  arc  the  standard  devi¬ 

ation  and  the  mevn,  respectively,  of  /hn(jk)  ; 
#N  and  Mh  arc  the  stanrUrd  deviation  and 
the  mean,  respectively,  of  /n(jp). 
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the  veritRce  of  /jr(ir).  The  curve*  of  Figure  6'1  ere  for  a  ilgiwl  having  an 
exactly  knovm  waveform  (only  ita  pretence  ie  uncertain)  and  for  thle  caie 

d  8  2EINi  (6-i) 

B  It  the  tignal  energy  received  during  the  obicrvation  interval  and  /Vs  it  the 
nolte  power  per  unit  bandwidth.  For  a  flxtd  d  the  ROC  curvet  are  teen  to 
be  straight  llnet  with  unity  slope*  when  't.  ed  on  double  probability  paper 
(Figure  6-1 ).  In  thle  ideal  receiver  a  signal  ie  rqwrted  whenever  the  Ilkeli* 
hood  ratio. 


<(*)*/«(*) //e(*)  (6-2) 

exceeds  tome  threshold  level  /9,  where  ftnix)  and  /jr(e)  ere  the  probability 
density  functions  for  a  given  output  x  when  tignal  plus  noise  or  noise  alone 
are  present  at  the  input. 


Phx  {A) 


lisix)  dx 


(6-3) 


and 


PAA) 


=r 


,ls(x)  dx 


(6-4) 


The  curves  of  Figurr  6>1  apply  to  any  case  in  which 

In  [/(»)]  8  In  [/*;,(»)]  -  In  UAr)]  (6-S) 

is  normally  distributed  with  the  ume  variance  both  with  noise  atone  and 
with  signal  plus  noise.  The  curve  Itbeled  d  8  0  ccrrsiponds  to  sero  tignal 
energy.  In  this  case,  no  matter  what  threshold  level  fi  is  chosen,  the  prob¬ 
ability  of  a  "dctoctlor.”  is  tho  tame  as  the  probability  of  a  false  alarm.  In 
other  words,  the  presence  of  a  signal  of  sero  energy  hu  no  influence  on  the 
receiver  perfornuince;  in  this  case,  one  may  Just  as  well  throw  the  receiver 
away  and  flip  a  coin. 

These  curves  for  the  case  of  a  tignal  which  is  exactly  specified  are  of 
particular  impoiumce  in  that  they  set  an  upper  bound  for  any  practical  situ¬ 
ation  where  some  additional  uncertainty  Is  bound  to  exist.  Ttie  ROC  curve 
is  a  convenient  form  In  which  to  present  data  on  a  receiver;  it  can  be  used 


r^r. 
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to  generate  other  fcrtni  of  the  receiver’i  performance  cbaracterlatica.  If  one 
wiihM  to  plot  the  probability  of  a  correct  detection  for  a  fixed  falM  alarm 
rate  u  a  function  of  algnal  Intenaity  one  would  take  a  vertical  cut  on  Figure 
6-i  at  the  ipeclfled  falae  alarm  rate.  Thui,  if  the  ilgnal  ia  a  O.S  microaecond 
puiae  of  5  watta  peak  power  maaked  by  gauiaian  noiae  having  a  uniform 
power  deiiaity  of  N  watta  per  cycle  per  aecond  ever  a  bandwidth  of  1  mega¬ 
cycle  per  aecond,  i  s=  S/N}*  and  for  a  falae  alarm  probability  of  .001  the 
probability  of  a  correct  detection  varlea  aa  aketch^  in  Figure  6-3  with 
2E/No  in  decibela.  For  this  rather  low  falae  alarm  rate  one  aees  that  a  algnal- 
to-noise  ratio  of  15  decibela  ia  required  to  give  a  detection  probability  of  90 
percent  on  a  single  trial.  If  one  had  instead  ten  pulses  of  the  eame  peak  power 
available  this  would  raise  the  signal  energy  by  a  factor  of  10  so  that 
2S/JVo  =  10(5/N).  The  signal  to  noise  power  ratio  necessary  to  give  a  90 
percent  probability  detection  with  the  same  false  alarm  probability  would 
then  be  •‘educed  to  5  decibels. 

6.1.2  Effects  c<(  -*1  Uncertainty 

Figures  6-1  and  6-2  are  both  calculated  on  the  assumption  that  everything 


1^,  dealhHt 

Fkiukc  6-^  ProUbDity  of  a  correct  dciecilon  of  a  nlgnal  known  exftcUy,  vertui  d. 

about  the  signal  !i  known  including  the  value  of  d  for  the  signal.  The  only 
uncertainty  is  as  to  ^/hether  the  signal  occurs  in  the  speciAed  time  interval 
or  not.  Whenever  there  is  any  additional  uncertainty  concerning  the  signal, 


*2JS  ^  2S  X  r  Joules  and  =  AViS  watts  per  cycle  per  second,  therefore 
r=:  d  ==  (S/N)  X  2Br  =  (S/\)  X  2  X  !0«  X  (1/2)  X  10’«  rr  AVAT. 
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the  idMl  receiver  performance  it  poorer  than  that  pietlicted  in  thene  two 
flfurea.  Coneiderabk  effort  haa  been  expended  in  studying  cases  where  one’s 
knowledge  of  the  signal  ex]»ected  la  uncertain  in  some  faehim.  Peterson  and 
Birdsall  consider  the  cases  listed  below  (Refemce  5). 

1.  A  signal  known  except  for  phase, 

3.  A  signal  ahicb  is  a  senate  of  white  gausslan  noise, 

3.  The  video  output  pulse  of  a  broadband  receiver  of  known  starting 
time. 

'r.  A  signal  which  ia  one  of  M  orthogonal  signals,  all  known  exactly, 

5.  A  signal  which  is  one  of  M  orthogonal  signals  known  except  for 
phase. 

Case  3  is  of  considerable  practical  interest  since  it  can  be  applied  directly 
to  the  case  of  a  broadband  intercept  receiver  looking  for  a  pulse  signal  of 
unknown  center  frequency.  If  the  t»ndwidth  of  the  wideband  receiver  is  W 
cycle,,  per  second,  and  if  the  signal  duration  is  U/W  seconds,  then  for  weak 
signals 


(l/M)*(2E/fVo)«i  (6-6) 

the  receiver  operating  characteristics  of  Figure  6-1  apply  (see  Section  4.5  of 
Reference  5)  with 


d  =:  (1/4M)  (Sfl/ATo)*  (6-7) 

Hris  represents  a  very  considerable  degradation  of  performance  from  the 
case  of  a  signal  known  exactly.  If,  for  example,  one  ir  looking  for  a  pulse  of 
0.*  microseconu  duration  but  unknown  center  frequency  in  thii  irequency 
range  from  2800  to  3300  megacycles  per  second,  one  has  M  -=  .100.  To  ob¬ 
tain  a  detectability  index  of  9  would  require 

(2E/;Vo)  =  ^floox  9  =  84.7, 

which  i«i  9.73  decibels  below  the  performance  pcMisIble  if  the  signal  were 
known  exactly. 

The  broadband  amplifier  and  detector  followed  by  an  optimum  video 
amplifier  is  not  the  best  way  to  detect  a  signal  of  unknown  center  frequency. 
Case  4  listed  above  can  be  applied  to  estimate  the  optimum  performance 
If  the  signal  is  known  exactly  except  for  its  center  frequency.  The  ideal 
receiver  for  this  case  in  one  which  splits  the  frequency  band  Into  M  channels. 
The  output  of  each  channel  is  crcss-correlated  with  one  of  the  Af  exactly 
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apecifled  wivefortni,  Th«  correlator  outputi  are  then  crnnhincd  with  ti! 
exponential  weighting  which  depends  upon  the  known  noise  level.  The  exact 
evaluation  of  the  performance  of  this  receiver  is  very  difficult  to  obtain,  but 
Peterson  and  Birdull  show  that  assuming  that  the  logarithm  of  the  distribu* 
don  of  the  likelihood  ratio  is  normal,  the  performance  is  approxinutely  that 
shown  in  Figure  6-1  (see  Section  4.8  of  Reference  5)  with 

d»in[l-^  +  ^exp(2E/iVe)j.  (6-8) 

The  improvement  possible  with  this  much  more  complicated  receiver  is 
considerable.  Using  the  same  numbers  consideretl  for  the  broadband  video 
example,  one  findu  for  a  detectability  index  of  9 

{lE/No)  =  In  [1  +!/(«'  -  1)] 

=  In  II  -f  200(«»  -  1)1  =  14.J.  (6-9) 

This  is  only  2.01  decibels  below  the  performance  poaslble  when  the  signal  is 
known  exactly  and  is  7.73  decibels  better  than  the  wideband  amplifier  fol¬ 
lowed  by  an  optimum  video  amplifier.* 

Equation  (6-8)  gives  the  detectability  index  that  can  be  achieved  by  an 
ideal  receiver  looking  for  one  of  M  signals  all  specified  exactly.  Case  5 
above  treat?  the  case  of  the  M  signals  known  exactly  except  for  the  carrier 
phase.  For  this  case  the  optimum  receiver  can  achieve  a  detectability  index 
of  approximately 


d=z 


1  -  J_  +  .JL/ 


(6-10) 


where  /o  is  the  Less;.,  function  of  sero  order  and  purely  imaginary  argument. 
For  2E/A' u  greater  than  4 


/«  (2£/lVu)  (^o/4r£)  exp  (2A:/No)  (6-H) 

to  an  accuracy  of  better  than  4  {>ercent.  Solving  for  the  ratio  2E/N„  neces< 
sary  to  achieve  a  given  detectability  index  giye.i 


In  h 


(M)] 


In  1 1  -  l)j 


*Not(r  thii  cnmptrlKon  dues  not  Include*  any  difference  In  the  Rmplifler  ftulM 

fnctoris  for  ths  two  lyiUmi. 
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Considerinc  sgkin  the  conditions  of  M  s:  200  nnd  d  sz  9,  then  from  £q. 
(6-12)  the  necesiMry  ntio  of  lignal  energy  to  nolle  power  per  unit  band¬ 
width  is  16.6.  This  is  only  0.66  decibels  more  than  is  required  if  the  phase 
were  known  and  2.67  decibels  more  tha.Ti  what  is  need^  if  the  signal  is 
known  exactly. 

In  this  section  an  attempt  has  been  made  to  give  the  reader  seme  feeling 
u  to  the  optimum  possible  performance  in  detecting  an  exactly  speclfled 
signal,  when  that  signal  is  masked  by  white  gaussian  noise  (£q.  6-1  and 
Figure  6-1).  Eqi»tions  (6-9)  and  (6-12)  give  a  measure  of  the  minimum  deg¬ 
radation  t^t  is  introduced  into  the  detection  performance  by  the  addition 
of  a  limited  amount  of  uncertainty  with  regard  to  the  signal,  the  signal 
being  one  of  Si  orthogonal  signals  all  known  exactly  or  all  known  exactly 
except  for  the  carrier  phase.  Finally  Eq.  (6-7)  gives  n  measure  of  the  much 
greater  degradation  in  performance  thst  will  occur  if  this  uncertainty  is  met 
by  the  simplest  means,  Just  broadbanding  the  receiver.  This  comparison  is 
summarized  in  Figures  6-3  and  6-4  which  plot  the  increase  in  signal  energy 

H 


Fiouxk  Comptrlion  of  IncretM  In  necemry  tc  «  fned 

detcctnbllity  inde-«  ii  tlf^nal  uncertainty  ii  Introduced.  Af  sz  nurt.l>s,4  c$f  c*Ulicgon«s 

flgnaU 

!n  decibels  relative  to  the  zero  uncertilnty  case  (signal  known  exactly)  ua 
a  function  of  the  detectai  '-ity  index  d;  the  number  of  orthosonal  signals  Af, 
is  the  parameter  of  these  curves.  Figure  6-3  compares  the  Ideal  Ukelihocd 
receiver  for  the  case  of  all  Af  signals  known  exactly  with  the  simple  broad- 
band  receiver  employing  a  square-law  detector  and  an  optimum  video  Alter. 
Grossly,  the  degradation  In  performance  Is  very  large  whtm  the  degree  of 


as  - 
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Mh  «i  8  rtt^ 


VWVH  6  >4  EffKt  of  licml  uacorUinty  oa  liiml  dotccUbtUty,  M  ortbogoMi  iltMUi. 


uncertainty  it  high  end  the  limple,  broadband  receiver  !i  uaed.  The  use  of 
an  optimum  likelihood  ratio  receiver  can  reduce  thia  degradation  very  slsnifl. 
cantiy  particularly  if  one  i«  interetted  in  the  ierger  valuei  of  d.  Referring  to 
Figure  6.1,  one  acee  that  this  corrcapond*  to  being  interested  in  signals  such 
that  the  false  alarm  pf(d)abllity  can  be  k^t  low  and  the  detection  probabil¬ 
ity  high.  Figure  6-4  demonstrates  that  if  one  can  um  a  likelihood  receiver 
the  degradation  in  performance  to  be  expocted  if  the  signal  phase  is  not 
known  U  not  very  great  (0.3  “  1.2!  db  for  10*  ^  M  ;S  10*). 

These  curves  give  a  measure  of  the  beet  one  can  hope  to  do  in  detecting 
the  presence  of  a  signal  under  practicable  conditions.  Normally  one  does  not 
deal  with  orthogonal  signals  nor  with  signals  specified  exactly  or  exactly 
except  for  phase.  The  additional  uncertainties  present  in  a  real  situation  can 
be  expected  to  result  in  performsnce  below  that  predicted  In  the  figures. 
This  loss  In  performsnce  can  be  .anticipated  to  be  more  significant  for  the 
likelihood  receivers  than  in  the  case  of  the  broadband  receiver,  since  the 
litter  make  more  use  of  one’s  knowledge  of  the  possible  signals  which  may 
occur. 

Oespits  these  weaknesses,  the  curves  of  Figures  6-3  and  6-4  have  utility  in 
estimating  or  Judging  receiver  performance.  As  an  example  one  might  con¬ 
sider  the  problem  of  detecting  the  pretence  of  a  pulse  signal  from  a  radar 
of  known  characteristics.  The  radf  signal  Is  known  to  have  a  duration  of 
one  microsecond,  a  repetition  rate  of  1000  pulses  per  second,  and  to  be  In 
a  frequency  band  100  megacycles  per  second  wide.  Let  us  suppose  we  are 
interested  in  detecting  the  radar  signal  when  it  is  looking  ct  our  receiving 
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antenna,  but  that  tke  direction  to  the  radar  from  the  receiver  ia  unknown.  To 
arrive  at  an  estimate  for  the  parameter  M  in  this  can  one  can  assume  that 
every  radar  pulse  is  to  be  detected,  lliis  means  that  one  thousand  tiroes  a 
second  (at  the  end  of  every  millisecond)  the  recover  must  make  the  deci¬ 
sion;  a  pulse  was  or  wu  not  received  during  the  past  millisecond.  Since  the 
one  microsecond  pulse  can  be  anywhere  in  each  one  thousand  microsecond 
interval,  an  Ntimate  of  this  uncertainty  in  arrival  time  for  the  pulse  is  a 
factor  of  1000.  The  spectrum  occupied  by  a  single  pulse  is  about  one  mega¬ 
cycle  per  second  wide,  and  it  can  lie  anyvdsere  in  Ute  band  100  megacycles 
per  second  wide.  This  frequency  uncertainty  combined  with  the  time  of 
arrival  uncertainty  gives  10*  possible  si«mals.  Figure  6-1  shows  that  a  detec¬ 
tability  index  d  ss  16  allows  one  to  achieve  an  81  percent  detection  prob¬ 
ability  with  a  false  alarm  probability  of  0.1  percent.  If  a  broadband  receiver 
is  used,  then,  from  Figure  6-3,  2£/JVo  must  be  32  decibels  above  16,  or 
3560.  Since 

ErsSXfs  (6-13) 

where  5  s  peak  pulse  power 
=s  pulse  length 

and 

AT#  =  FAT  (6-14) 

where  F  =  receiver  noise  factor 

T  =  temperature  seen  by  receiving  antenna 
A  =  Maxwell-Boltamann  constant  sz  1,37  X  10'**  joule 

one  can  solve  for  the  peak  signal  power  necesury  to  give  the  detectability 
index: 


S=  (FkT/2tt)(2E/Na).  (6-15) 

Assuming  a  noise  factor  of  10  and  a  temperature  jf  300  degrees  Kelvin*, 
e  __  10  X  1.37  X  10  **  X  3  X  10* 


2  X  10^ 
52.6  X  10  ‘*  watl. 


X  2.56  X  10* 


It  nhould  be  noted  that  the  assumed  false  alarm  of  0.1  percent 


resRonsble  Agurc  If  sntennt  looks  tlong  th«  lurftco  of  the  enrth. 
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will  letd  to  th«  rather  high  falae  alarm  rale  of  1  per  Ncond  tince  1000  dacl* 
flona  are  made  per  aecond.  If  a  falae  alarm  rate  of  1  per  hour  la  dealred  the 
falae  alarm  probability  on  eadt  trial  muat  be  reduced  to  2.78  X  10'*.  To 
achieve  a  detection  probability  of  0.90  with  thia  falae  alarm  pn^bility  re> 
qulrea  an  hicreaie  In  the  detectability  index  from  16  to  41.8.  If  one  estimates 
from  Figure  6*8  that  at  thia  value  of  d  the  broadband  receiver  loaa  la  20 
decibels,  the  required  peak  signal  power  from  Eq  (6'IS)  becomes  84.8  X 
10'“  watt. 

A  block  diagram  of  the  broadband  receiver  evaluated  above  ia  given  In 
Figure  6°8(a).  The  output  of  the  square-law  detector  is  fed  to  a  gated  in¬ 
tegrator.  At  the  end  of  each  mllli- 
secc.nd  the  output  of  this  Integrator 
fa  clamped  to  scro  volts.  The  out¬ 
put  of  the  integrator  la  cotiqiared 
with  an  adjustable  threshold  volt¬ 
age;  and  whenever  the  Integrator 
output  exceeds  this  vdtage,  a  de¬ 
tection  is  indicated  (by  lighting  a 
light,  ringing  a  bell,  etc.). 

From  Figures  6-8  and  6-4  one 
sees  that  a  reduction  of  about  20 
decibels  in  the  signal  energy  re¬ 
quired  at  the  recelvn  input  to  give 
the  acme  detectability  can  be 
achieved  through  the  use  of  a  like- 
1, J-w;  lihood  receiver,  This  is  a  large  Im- 

Fiqurk  6'S  Block  dkgram  of  retelvtn  for  provcmont;  it  would  permit  an 
th#  detection  of  ■  puli*  Hinal  of  unknown  increase  In  the  free  space  intercept 
c.:.ter  frequency  and  liartins  time,  (a)  Broad-  „ngo  of  a  given  signal  of  ten 
band  receiver,  (6)  Likelihood  ratio  receiver,  ^ 

diagram  of  this  receiver.  The  coat  of  this  receiver  designed  to  give  optimum 
perfornuiDCc-  in  the  face  of  10"  possible  signal  waveforms  is  seen  to  be  pro¬ 
hibitive,  After  separating  input  passband  into  one  hundred  separate  pass- 
bands,  corresponding  to  the  possible  pulse  center  frequencies,  it  is  still 
necessary  to  cross  correlate  the  output  of  each  narrow  filter  with  the  one 
thousand  possible  signal  waveforms  at  eacn  center  frequency.  These  corres¬ 
pond  to  the  one  thousand  pcMssible  true  positions  of  the  .signal  pulse.  The 
outputs  of  the  10"  correlatoi’s  are  then  given  an  exponential  weighting  and 
combined  in  a  single  adder.  The  output  of  this  adder  is  the  likelihood  ratio, 
and  it  would  be  compared  with  an  adjustable  threshold  voltage  in  a  voltage 
comparator  circuit  to  give  the  detection  indication.  This  astronomical  in- 
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cmM  la  Kiulpauat  coa^ilcxlty  neceiwr}'  to  optimally  dttMt  «  *ltml 
Um  dtgrN  of  uacortalnty  concamlng  tl«  ligoal  la  la:|t  bu  forced  a  variety 
of  ei«loaarii«  coo^mxBlaea  oo  thoae  wm  are  concerned  with  Uk  dealgn 
and  dovekpmaat  of  practical  intercept  etpJpmMita. 

It  ahould  be  noted,  Im^wr,  that  tie  complex  receiver  of  Flf  ure  6-S(b) 
in  addition  to  doing  an  optimum  Job  In  the  detection  of  tbo  ''.aeence  of  a 
•Ignal  also  givea  one  a  relatively  reliable  aatimate  of  tharar  .eriatica  of  the 
aignal  received.  Thia  can  be  obtained  by  compering  the  outpuU  cf  tb«  eroea> 
correlatora  whenever  a  detection  occura.  The  correlator  having  the  krfeat 
output  ahould  indicate  which  aignal  ca'iaed  the  detection.  Blrdaail  and  Peter- 
aon  have  inveatlgated  the  prc^billty  thit  thia  lar^  output  will  be  the 
correct  chdee  among  M  alternative  doiem  H  a  ^gnal  haa  s€curr\id  (Refer- 
encee  6  and  7).  Thia  probability  dqieida  upon  the  datoctlblllty  inds):  i.  Let 
thia  prc^billty  be  denoted  P*  (d).  Blnkall  ihowi  that 

Pjf(d)  -  ♦(•erf*''  “ 

where 


♦(»)  =  exp(lVa)d<, 

(6-17) 

♦(“hj,)  =  i/at, 

(6-18) 

and 

ttm  «m/1.2S25S 

(6<l«) 

For  JH  >  1000,  ajf  can  bw  obtained  from  the  equation 

1 

1 

(6-20) 

Value#  of  Ox  for  acvcral  valuta  of  M  are  tabulated  in  Table  I.  In  general, 
for  large  value#  of  M  end  for  large  detectability  indicea,  Pa  (cf }  vtill  be  very 

doae  to  unity. 


TABLE  I 


M 

4 

16 

256 

10* 

10« 

10» 

10» 

aM 

.827 

.884 

.916 

.964 

.958 

.979 

.984 

I 
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The  recrivtr  e(  Fifurt  S'3(b)  css  *<•  ^mpUfttd  contidanbijr  by  th0  um 
oi «  i«t«d  r»tdMd  Alter  inttMd  of  tbt  ptridwi  cron  **  IIm  out^t 

of  a  matched  After  at  the  end  of  each  poc*'b)e  puln  poiiUoe  will  be  tm 
erase  correialbn  between  the  input  rigaol  and  puln  at  that  time.  Thk  out* 
tnit  can  be  umpled  and  then  applied  throu^  an  exponential  function  ftner* 
Ator  to  a  funinufii  istesretor  toRCtber  with  the  pted  output  of  the  other 
nisety-ntne  matched  Aitm.  Such  a  likeuhooi'  rccch^  <t  indicateMl  in  bUidk 
diagrtm  form  In  Figure  6*6.  '*hl*  reniver  hat  Um  tame  detfctJcn  iwpabistty 

at  the  receiver  lo  Figure  6'3{b), 
but  the  lignal  recognition  capelMI* 
ity  hai  been  loot.  It  could  bo  re¬ 
covered  by  the  introdir'lioei  of 
luitable  memory  and  x'dltap  cobv- 
parator  circuitt  at  the  outpuij 
the  ntftched  Alton. 

If  the  pulio  poiition  la  not  knoY^n 
to  be  at  one  of  1000  nonomlr.p* 
ping  poeitiona,  then  the  pulnr  gen* 
riouM  6-6  A  UkdlhoojJ,  riiio  it-  ergtor  and  pte  circuita  of  Figtire 

etiver  <0P  “**’*’*•  6-6  ihould  bo  removed.  The 


outputa  oi  the  one  hundrl^^-»Tl«&4r- 


^  filtm  would  be  paaacd  thmgh 
exponential  function  uniti  and  tSsen  Juat 

tor.  The  output  of  thia  intagrator  would  then  be  axrnpled  at  the  end  of 
each  repetition  period.  Thia  tlmplIAed  receiver  la  believed  to  be  optimal  for 
the  detection  of  a  pulse  of  unknown  time  position  vrithln  the  repetition 
period,  but  the  performance  of  this  receiver  has  not  been  calculated.  Its  per¬ 
formance  G«r.  bs  expected  to  be  poorer  than  that  of  the  receiver  in  Figures 
6-S(b)  and  6-6,  since  more  uncertaiiity  hs5  been  introduced. 


6.2  Approxlniwto  Approaehee  to  the  Intoreept  Problem 
The  prevloiu  lection  has  Introduced  some  of  the  problems  of  detection  and 
recognition  of  aignali  when  large  degrees  of  uncertainty  are  involved.  The 
bOn'.phsMy  of  thia  problem  has  forced  the  use  of  approximate  methoda  for 
studying  the  problem  of  inici  (.opting  slvnaig  under  practical  conditions.  In 
thli  section  some  of  these  approximate  methoda  of  analysis  ^nd  the  results 
obtained  with  them  will  be  reviewed. 


6.2.1  The  Ooineideitee  Coneopt 

In  considering  the  optimum  detection  of  any  one  of  a  large  ensemble  of 

*A  metched  ftitfr  It  one  whoM  Impulse  rcsponie  U  the  expected  signal  waveform  reveried 
In  time.  Thui,  If  the  ilgnal  waveform  is  sO)  and  has  a  duration  I,  the  matched  Alter  has 
an  Impiilae  rcipunie  i(l  "  I). 


0 
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poMib!«  (ignaU  we  have  Men  that  the  general  approach  U  to  build  an  <^ti> 
mum  receiver  for  each  poeeible  signal.  The  outputs  of  thcee  individual  ipe* 
ceivcvs  or  channels  are  then  combined  in  a  my  which  cnaxlmlaas  the  dif* 
ierence  between  the  output  when  a  signal  In  prasent  in  at  least  one  channel 
and  the  output  when  no  slgnali  is  prsMnt.  In  such  a  receiver  tae  way  in  which 
Um  probabUlty  of  detection  varies  with  signal  strength  U  obtained  by  Uldng 
a  vertical  section  through  the  rf«wiyer  operating  charactsristics.  Such  a  curve 
is  plotted  in  Figure  6*7  vdth  detectability  index  £mS*J?»  abeebaa.  In  general, 

’■*T  signal-to-noise  ratio  as  discussed  in 

i  y  Sections  i.l.l  and  6.1.2.  This  figure 

u'r  Y  is  obtained  by  laklnii  ::  v**tlcai 

I*,.,  /  htiiiiinM  m*m  section  thirou^  Figure  6-1  at  Pit  (A) 

I  I  s=  .001.  If  a  smaller  false  alarm 

I _  rate  is  of  interest,  this  curve  would 

*1*^^  il  be  shifted  to  the  left,  and  vice 

'  versa.  Probability  of  Intercept  cal- 

Phum  6-7  Probability  of  d«tKtk>n  for  a  culatlons  can  be  greatly  simplified 


Ukflibood  ratio  roctlvor  vtriui  licna!  detK.  jjy  nplgcing  this  detection  curve 


ubUity  index  d. 


by  the  dotted  one  shown.  The  as¬ 


sumption  nvide  by  the  dotted  curve  is  that  signal-to-nolM  ratios  larger  than 
some  critical  value  (leading  to  d  s  9.3  for  the  case  shown  in  Figure  6-7) 
are  certain  to  be  detected,  and  all  sifna.ls  below  this  critical  value  are 
missed  entirely.  This  ^iproximation  to  the  true  situation  has  been  called 
»  the  critical  value  of  d  being  the  detection  thresh- 

old.  In  Figure  6-7  this  ^r^l^liiiuue  ’Ji'  C 

a  50  percent  detection  probability.  This  choice  Is  arbitrary,  and  one  mignr 
equally  well  chooN  a  detection  threshold  corresponding  to  a  90  percent  or 
greater  detection  probability. 

Un':ler  the  tnreshold  assumption,  any  time  the  signal  input  to  the  receivers 
of  Fijgure  6-3 (b)  or  6-6  falls  within  the  acc^tanee  band  of  one  of  the  re¬ 
ceiver  chanr.el  ampliflers  and  hu  aufficient  tntenalty,  a  signal  interception  will 
be  mads.  Qs  the  other  band,  If  the  input  signal  is  rejected  by  ail  ampliftert  or 
if  its  energy  Is  too  amali,  nu  'r.tcr<'*ptiun  occurs.  Thus,  with  the  threshold 
assumption,  probability  of  iaiercept  becomes  the  pkr.tcb:!.)|y  of  coincidence 
between  the  signal  par^;»iet.eri  (flsid  strength,  center  frequency,  time  of  ar- 
iivnl,  c*r.)  and  the  receiver  parameters  (thresliold  intensity,  acceptance  fre¬ 
quency  range,  etc.).  Under  this  MMUrr.ptler'.  >he  probability  of  intercept  for 
all  three  receivers  suggMted  at  the  end  of  Section  6.i.2  is  unity  ior  ilv;;  ir. 
tended  radar  signals  as  long  s'  the  input  signal  strength  is  ouflldent.  The 
threshold  pulw  energy  for  the  two  likelihood  ratio  receivers,  however,  will 
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be  20  decibeb  leai  tbea  for  the  “brondbAml  recdver’*  of  Figure  6'5(a). 
Thue,  calculation  of  the  probability  of  Intercept  for  any  one  of  tbeee  tr- 
celveri  it  reduced  to  calculating  what  fraction  of  the  tlnus  the  incorning  pulee 
lignali  exceed  the  particular  recdver’i  thrcehold  energy. 

At  an  example,  let  ue  tuppoM  that  the  radar  it  being  rotated  at  a  uatfonn 
rate  through  360  dcgreea  of  aximuth,  and  let  it  further  be  attumcd  (hat  when 
the  htercept  receiver  it  within  the  radar  antenna  beamwidth  the  pulae  energy 
exceeda  the  thraahold  of  the  likelihood  ratio  receiver  by  3S  decibeia.  If  the 
radar  tide  lobet  are  only  down  30  declbelt  from  the  main  beam,  the  intercept 
probability  with  likelihood  receivera  would  be  unity.  The  broadl»nd  receiver't 
threthold  being  20  declbela  lower,  thla  receiver  would  only  intercept  puhtea 
vdiile  the  intercept  recover  antenna  waa  within  the  radar  antenna’a  main 
beam.  The  probability  of  Intercept  for  thia  receiver  would  thua  be 

^ (6-2 u 


where 


=  radar  antenna  bandwidth, 


6.2.2  Probability  of  CoincldaMce  Calculatlona 
Coincidence  calculatlona  have  formed  the  haaia  of  the  intercept  prob¬ 
ability  eatimatea  by  a  number  of  autbora  who  are  liated  in  Hefercncea  8 
through  IS.  Two  of  the  moat  recent  reporta  in  thb  area  are  thoae  of  Ki«i 
and  Enilow  (Refcrencea  13  and  15).  £tulow’.i  report  i«  a  rather  careful  and 
co  nplete  lummary  of  the  nature  of  the  problem  and  of  the  prior  wc«rir  in  the 
field.  Such  an  exhauativc  review  doec  not  aeem  feaaible  here,  but  ti’A'hS 
typical  probitma  will  be  dJacuasad  to  illuatrate  the  approach. 

'  '’"i'  ilnTwiIi****"*  multichannel  rectilvirru 

bw  M  e.)gineer3  to  the  deve!(^mfnt  oi ' 

cetver.  One  can  cotulder  the  uae  of  receivera  that  acan  over  any  one 
of  a  variety  of  aigna!  parametera  aucb  aa;  frequency,  direction  of  arrival, 
intenaity,  duration,  etc.  Initially  one  Is  usually  moet  InterMted  in  frequency 
and  direction  of  arrival. 

Figure  6-8  Is  an  example  of  a  time-frequency  diagram  for  a  receiver  scan¬ 
ning  t.he  frequency  band  from  ft  to  /j  with  linear  sawtooth  sweep.  This  figure 
can  be  used  to  calculate  the  probability  of  coitKidence  in  both  time  and 
frequency  between  a  pulse  signal  and  the  panoramic  receiver  acceptance 
frequency  band.  Figure  6-9  ii  an  example  of  angle-veraua-time  diagrem 
for  the  viiualltatlon  of  coincidence  between  the  directions  of  rotating  re- 
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Fnv»  6-1  7»^'ue»cy-i  jiairan  Fioum  6-9  Dlainm  cf  iriUniM  direction 

for  ■  lifiMrly  iw«*plng  panonmk  re-  vcriii*  time  for  two  narrowbeam  sntsiusai 

ceivtr  and  a  pulM  ilgnal.  rotating  at  a  coniUnt  apsede 

ceiving  and  transmitting  antennas  and  the  angle  of  the  path  between  the 
receiver  and  the  tran<<mitter.  In  this  figure  it  is  assumed  that  the  reference 
directions  for  each  antenna  are  chosen  so  that  180  degrees  corro'^ponds  to 
both  antemiss  "looking”  directly  at  each  other.  Whenever  the  180-degree 
line  is  within  both  beamwidtni/  ai  ine  tin:;,  rn  ar»eular  coincidence 
occurs.  Such  £  coincidence  is  not  illustrated  in  Figure  6-9,  aitho^igh  it  looks 
as  though  one  might  occur  on  the  next  rotation  of  the  recsiving  &9Stenn»<.  The 
eyr.ibols  used  In  Figures  6-8  and  6-9  are  defined  below.  Irs  clioosing  values 
for  many  o!  t'hsrs  quantities  the  threshold  c^^'xept  la  iiiied.  For  example,  if 
the  signal  pulse  dursticn  is  ig  sccor^ds.  m  hiow  tMt  most  of  the  signal 
pitwer  spectr’i>.i4  lies  within  a  bandwidth  appruAlmately  l/f«  cycles  per 
second  wl-l^.  Or  the  other  hand,  if  the  cignal  strength  is  aufflcientiy  gr:*t;  a 
receiver  tune'd  to  a  fr^uency  band  3/tg  cycles  below  or  above  the  signal 
frequency  f,  may  intercept  sufficient  energy  to  produce  a  detection. 

f,  signal  center  freqvtency  in  cycles  per  second. 

0,  =  signal  spectral  bandwidth  in  radiant  per  second. 

tg  sz  signal  duraticn  in  seconds. 

T,  =  signal  pulse-repetition  period  in  seconds. 

"  ' —  ''T"*  frequency  in  cycles  per  second. 

D  ~  swe^  bandwidth  of  receiver  in  cycles  per  second. 
t  —  receiver  swM{.t  rate  in  radians  per  second  per  second. 

a  =:  acceptance  bandwidth  of  receiver  in  cycles  per  second. 

6  =s  receiver  acceptance  bandwidth  in  radl.’tns  per  second. 

T,  =  receiver  sweep  period  In  seconds. 

$1,  s=  transmitting-antenna  bcanrwidth  in  degrees, 
f,.  =:  transmittlng-antenna  look  period  in  seconds. 
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7|«  tanimltting-entenna  roUtion  period  in  Mcondi. 

9rt  •’=  tranimittini-antenne  beemwidth  in  degrees. 
tn  s=  receivinf'Sntenna  look  period  in  seconds. 

Tr%  recsivir^e-sntenna  roUtion  period  in  seconds. 

tn  ss  rindom  dsisy  in  seconds. 

F,  ss  frequency  of  coincidence  in  cycles  per  second. 

Fit  s  frequency  of  revolution  of  radar  antenna  in  cycles  per  second. 
2‘,  coincidence  period  in  seconds. 

SRF  ITS  Kanning-repetition  frequency. 

The  information  in  Figures  6-8  and  6*9  can  be  represented  in  another 
form  lyhich  is  illustrated  in  Figure  b-10.  Figure  6<10(a)  repnsents  the 

panoramic  receiver  searching  for 


;laJL 


1 1 

JA _ » 

iMfinr  MffgtfiNi  llffli 


_ 

•-naliw?  la  tfafwnittef 

r,.  J 

Trwwnitter  In  rMilver  kHm 


tf,  ^  _  PI  the  pulse  train  illustrated  in  Figure 

iLLJJ — ULLn  .  Jp— 4.8.*  iffQ  trains  are  shown; 
^  II  (1)  the  upper  pulse  train  U  unity 

’In  n  '  ^ _ whenever  a  pulse  occurs,  and  aero 

Itiflw  otherwise;  and  (2)  the  lower  pulse 

train  is  unity  whenever  the  receiver 
r,.  ^  «!*  acceptance  bandwidth  lies  within 

J  01 - U. — J] — ^ - lx_U  the  frequency  intarval  /i  :t:  8i/4» 

•-naliwr  la  »faa«nl»t*ff  1  •  t  .  t  ■  f  • 

oerupled  by  the  pulse  signal  s^s-' 
i|  ’n*  rn  similarly,  the  iwo  jiulic 

*  TfiMnlltw  l«  miiwf  tw*  trains  in  Figure  6*  10(b)  represent 

the  antenna  rotation  problem  of 
Fiovss  6*10  PulM-tnin  rcpreHntktIoni  of  Figure  6-9.  The  upper  ’rain  is 
colneldonn  problemi.  (a)  SweipioR  rowivrr  unity  whenever  the  receiver  site  lies 
and  a  p>j!se  tignal.  (6)  Rotating  tranimitting  ^thln  the  transmitting  beamwidth, 
and  receiving  antennae.  otherwise;  and  the  lower 

train  is  unity  whenever  the  transmitter  site  is  within  the  receiving-antenna 
bandwMth.  In  both  Figures  6-l0(a)  and  (b),  a  coincidence  will  be  achieved 
when  there  is  an  overiap  between  the  two  pulse  trains.  This  occurs  at  A  in 
Figure  6-10(a).  The  problem  of  calcuiatins  the  probability  of  coincidence 
in  the  case  of  regular  scanning  patterns  such  as  those  iiiusi;atcd  In  Figures 
6-6  and  6-9  Is  thus  reduced  to  cslculating  the  probability  of  coincidence 

was  recognised  P.  I.  Richards 

during  World  War  !J  and  led^  hla  carel^luu^^'l^ji  p> 

IE), 


6.2.8  Unit  Coincidence  ProbabillUet 

The  probability  of  a  coincidence  of  the  receiver  acceptance  b'iod  wlii. 

*With  a  different  time  uile. 
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ligaal  pulae  on  «  tlnflf  iwoep  hu  bttn  ccllsd  th«  “unit  coi:^ddcao«  probabil¬ 
ity”  (Refarancci  13  and  15).  Aa  long  as  tha  pulca-rapttition  pariod  is 
greater  than  tha  sweep  period,  the  probability  of  frequency  cofaddonca 
alona  it  the  ratio  of  tba  duration  of  tba  pulM  plus  tha  duration  of  tha  re¬ 
ceiver  acceptance  time  divided  by  tha  sweep  period 


b,  -f.  b)/t] 


(6-22) 


where  >  T,  and  P«<*>  ss  the  probability  of  a  signal-frequency  coincldenca 
on  a  single  receiver  scan.  For  T,  <  T,  one  has  the  possibility  of  coincidence 
with  more  than  one  pulse.  V/han  tha  pulM  length  tg  la  nnuch  Ism  than  the 
pulse  repetition  perl^  T,,  the  number  of  pulses  which  occur  in  one  swsep 
period  T,  is  Just 


N  =s  the  next  Integer  >  (T,/T,), 


(6-23) 


The  probability  of  a  frequency  coincidence  during  one  scan  is  then  muitipiled 
by  this  factor  and  becomes 


I  r, 


(6-24) 


which  is  valid  until  T,,  s:  1(4  -f  [(6«  b)/s].  For  ahorter  at  least  9ne 

coincidence  it  certain  to  occur  and  one  baa 


P.<«)  =  S;r,  !>)/,}. 


(6-23) 


For  an  Interception  to  occur  it  is  necesury  that  there  be  coincidence  be¬ 
tween  the  receiving  and  traosmittlng  antenna  ecana  as  well  ae  between  the 
frequency  of  the  signal  and  the  receiver  frequency.  Thus,  if  the  two  scans  are 
independent, 


(6-26) 


where  Pi<”  =  tho  probability  of  an  intercept  coincidence  on  s  single  fre¬ 
quency  ictn  and  =  the  probability  of^n  antenna  coincidence  during 


V-.*  ^  t\sar(rtH. 

IEi  vw'diif  .*■  "i.-i  ,■ , 


If  both  antennae  are  icanning,  is  not  easy  t«  =* 

possible  synchronization  effects,  which  are  also  encountered  when  one  at¬ 
tempts  to  calculate  Pi(Oi  the  probability  of  at  least  one  signal-frequency 
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colncldmce  by  a  time  t.  (Recall  k  probability  ol  coincidence  during 
OKS  scan.)  Ou  tbe  other  tond,  if  the  recdvlng  antenna  la  omnidirectional, 
Pa"’  li  Juet  the  duty  factor  of  the  up^.  t  pulie  train  in  Figure  10(b), 


P.»>  wr,..  (5-27) 

Thua,  in  thie  caae  the  probability  of  an  Intercept  coincidence  on  a  aingie  fre>- 
quency  acan  becomea 


pii>  a  ^  (6-2*) 

Tib  Tf 

(the  receiving  antenna  ia  omnidirectional  and  T,  >  7,).  For  very  alowly 
acanning  recelvera  thia  condition  doea  not  hold  and  the  probability  of  coin¬ 
cidence  (Eq.  6-28)  increaaea  up  to  unity  when  the  duration  of  the  coincidence 
between  the  rKeiver  acceptance  bandpaaa  and  the  aignal  apectrum  exceeda  tbe 
duration  of  one  tranamitting  antenna  rotation  (Reference  IS). 

The  probabllitiea  of  coincidence  calculated  here,  aa  esamplea,  aaaume  that 
no  overlap  ia  required  between  the  pulae  tralna  of  Figure  6-10.  Such  calcula- 
tiona  can  be  modifled  to  Include  a  minimum  duration  of  coincidence  between 
the  pulae  traina  without  difficulty  (Reference  15).  Equivalently,  one  can 
take  into  account  the  need  for  a  Anite  duration  of  coincidence  by  one’a 
choice  of  the  aignal  apectral  bandwidth  6,  and  the  receiver  acceptance  band¬ 
width  6. 


6.2.4  Time-Dependent  ProbebUltiee 

When  one  attempti  to  calculate  the  probability  of  coincidence  aa  a  func¬ 
tion  of  the  duration  of  the  aearching  time,  one  encountera  varioua  problema 
related  to  the  periodic  nature  of  the  eventa  under  coiulderation.  BecauM  of 
thia  periodicity  the  mathematical  techniquea  for  combinatorial  analyala  of 
random  ev«r.t:  nr«  not  generally  applicable.  It  haa  been  auggeated,  however, 
that  a  random  delay  be  inteniionsUy  introduced  into  the  receiver  awecp  pat¬ 
tern  to  ovei'ccms  this  difficulty  (Reference  l3).  If  ?'.  >>  7,,  a  random 
delay  In  can  be  programmed  between  each  frequency  aweep  with  an  average 
delay  approximately  equal  to  T,.  This  will  render  aucceaaive  sweeps  rendom 
without  introducing  an  excessive  “dead”  time.  The  average  dead-time  ratio 
will  be  Just  7b/(7«  -f  7^).  For  7,  <  7^,  this  becomes  important.  In  tliis 
case,  one  can  still  achieve  the  effect  of  randomneu  by  introducing  a  random 
delay  tn  such  that  trt  m  T,  every  Ath  sweep.  A  should  be  chosen  the  next 
integer  above  Tp/T,. 

When  the  successive  trials  are  independent,  then  the  probability  of  at  least 
coincidence  In  m  trials  (sweeps)  is  just 
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a-  1  _  [1  ^(J)|»i  (§.29) 

One  notM  that  can  never  become  unity.  A  queitlon  of  great  Importance 
In  a  search  system  is  the  time  required  before  ^  probabUIty  reaches 
some  specified  \.tlue.  As  the  time  for  each  trial  is  J.  +  trt,  the  number  of 
trials,  m,  required  can  be  obtained  from  Eq.  (6-29)  by  transposing  and 
taking  the  logarithm  of  both  sides,  and  Is  found  to  be 


M  ss 


In 

UT 


1  -  #«">] 

rrr^rrrf 


(6-30) 


The  time  required  is  then 

fwe  =  »»(r,  -I-  tri)  =  (I*.  +  tri)  -j--'  |y  2^  (6-31) 

where  time  required  to  achieve  a  probability  of  coincidence  with 
at  least  one  pulse 
r,i:=  receiver  scan  period 
trt  =  average  receiver  delay  time  between  scans 
^0)  =s  probability  of  coincidence  on  a  single  scan 

V/hen  successive  trials  are  mot  independent,  the  problem  of  synchronisation 
becomes  important.  Gearly  If  Ti/Tf  is  an  integer  In  Figure  6-10(a),  dqiend- 
ing  upon  the  relative  phasing  of  the  two  pulse  trains,  one  can  have  a  signal 
coincidence  on  every  trial  or  on  no  trials.  If  m  is  a  noninteger  but  a  rational 
number,  one  can  still  have  synchronization;  but  the  extremes  of  the  coinci¬ 
dence  probability  will  not  b«)  as  great.  Severs!  authors  l^ve  studied  these 
effects  In  some  detail  (References  9,  10,  IS).  Matthews  considers  the  long¬ 
time  average  of  the  fraction  of  the  pulses  which  coincide  with  the  receiver 
passband  during  the  transmitting  antenna  “look”  assuming  an  omnidirectic  ’'sl 
receiving  antenna.  By  choosing  a  sweep  speed  such  that  the  sweep  period  is 
less  than  the  look  time  (r,  <  and  the  receiver  look  time  is  greater  than 
the  signal  period  [(6a  -f  6)/j  >  Tp],  one  .  ~  .avdd  the  sychronization 
effects  and  guarantee  that  the  fraction  of  the  pulses  intercepted  from  each 
transmlttlng-antenna  look  is  the  intercept  ratio 


- 

^ir(h  fl) 


(6-32) 


Under  iS;c  assumptiuiis  and  T,  <  [(6a  -f  6)/i],  one  is  bound  to  in¬ 

tercept  at  least  one  pulse  cn  every  look  at  ths  radar  antenna.  The  average 
time  required  to  pick  up  at  least  one  pulse  with  a  probability  /'(i)  I* 
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tm  -(T^  +  T,)P(t) 


(6-J3) 


For  P(t)  s:  1,  ihli  is  Just  the  scan  time  of  the  antenna  j^us  the  scan  time 
of  the  receiver. 

When  one  cannot  achieve  satisfactory  perforaaance  under  the  asaumptioos 
given  above,  one  is  forced  to  face  the  pr^lem  of  ectimatlng  the  probability 
of  coincidence  between  two  periodic  wave  trains  as  indlcaiad  in  Figure  6-10. 

This  problem  has  been  treated 

_ n _ n _ TL 

_ _ 


FnuKc  6-!l  Two  ptriodk  wtvt  tniiu. 


rigorously  by  Richards  (Reference 
11).  Coiuld&f  the  two  wave  trains 
shown  in  Figure  6-11.  Richards 
shows  that  if  ti/Ti  and  ta/Tt  are 
both  small  and  Ti  S;  Ta,  tlto  prob¬ 
ability  of  Pit)  exceeding  />o  +  (?  is 


P*it)  =  1  -  1.2160(  1  + 


Hh  +  ta) 


TiT^ 


where  Po  =  titg/TiTa  =  probability  of  coincidence  at  r  =  0 

P*(t)  s=  probability  that,  after  a  trial,  of  duration  r,  the  probability  of 
intercepting  at  Imt  one  pulse  is  greater  than  Pa +  Q 
This  expression  is  only  valid  for  (Po  +  Q)  <  yi.  It  h  Important  to  bear 
in  mind  that  P*(t)  is  not  the  probability  of  cdnddence  P(t),  but  only  tke 
probabtttty  that,  by  the  time  t,  Pit)  >  (Po  -f  Q)>  If  the  time  is  limited  by 


t  <  max  (Ti,  Tm)  (6-3S) 

(max  ix,y)  moans  x  or  y,  whichever  is  greater),  then  the  probability  P(0 
ta  given  exactly  by 


Pit)  =  Po  +  (6-36) 

W.  W.  Peterson  has  been  able  to  extend  this  result  to  show  that  the  mean 
value  of  Pit)  obtained  by  averaging  over  aii  poscible  ratios  of  Ti/Ta  and 
assuming  that  this  ratio  is  uniformly  distributed  over  sH  values  is 


(6-37) 
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provided  P(t)  g  0.5  Mid  f  S  [(Tt  +  tf)/2riri]  (Reference  16).*  Thii 
quadratic  equation  can  be  aolv^  to  give  the  tlnM  needed  to  achieve  an 
average  P(0: 


t 


TxT,  ) 

o.6o««, + 


Vl  -  ».2i6(^ii') 


(6-38) 


Equatlone  (6-34)  to  (6-38)  are  all  baaed  on  the  requirement  of  eero 
overlap  between  the  two  pulae  traine.  If  the  pulae  traini  overlap  for  a  time 
before  a  coincidence  U  acored,  the  quantity  (ft  -f-  fi)/riri  in  theae  aqua- 
tlona  ihould  be  replaced  by  (fi  -f  —  iU)/TiTt, 


6.8  Summary  of  Preeedliif  Saotlcaa 

In  the  preceding  aectione  of  thia  chapter  tome  of  the  concept!  and  difAcul- 
tlee  of  tte  calculation  of  probability  of  intercept  have  bmn  Introduced. 
Signal-detection  theory  providee  one  with  an  eatimate  of  the  vary  beet  that 
can  be  achieved  in  t^  direction,  and  it  ahowi  clearly  the  price  one  muit 
pay  for  not  knowing  what  one  ie  looking  for.  BecauN  of  the  complexltiet  of 
receivera  which  optimiae  the  probability  of  intercept  for  a  wide  range  of 
poealble  ilgnab,  the  deeignef  la  forced  into  the  uac  of  nonoptimum  acanning 
receivera  when  hla  knowledge  of  the  expected  aignal  parameters  ia  poor.  This 
la  always  likely  to  be  the  altuation  when  one  deeigna  receivera  for  COMINT 
or  ELINT  application!,  for  example.  On  the  other  hand  an  Intercept  re¬ 
ceiver  for  uae  with  a  particular  Jammer  or  a  particular  weapon  may  repreaent 
a  very  different  problem.  Such  a  receiver  need  only  look  for  aignala  of  intereat 
to  the  particular  jammer  or  weapon  involved;  and  the  number  of  these  may 
be  nither  well  defined.  In  such  a  situation  the  designer  may  bn  able  to  take 
advantage  of  the  limited  number  of  possible  aignala  to  design  a  receiver 
capable  of  much  better  performance  t^n  the  general  purpose  scanning  re¬ 
ceiver. 

In  locking  into  the  performance  of  acanning  receiver  systems  one  finds  the 
situation  rather  leu  clearly  defined  than  one  would  wish,  particularly  if  the 
scanning  processes  involved  are  periodic.  Nevertheleu  one  can  note  some 
general  thinp  about  scanning  receiver  systems.  In  Figure  6-13  are  plotted 
the  number  of  scans  necesury  to  achieve  a  specified  probability  of  coincidence 
versus  the  probability  of  a  coincidence  on  a  single  scan.  Both  the  random  case 
given  by  Equation  (6-31)  and  the  Peterson  average  of  the  periodic  case  are 
plotted.  Two  things  are  apparent:  (1)  the  average  time  for  the  periodic  case 
does  not  differ  markedly  from  the  time  for  the  random  sweep  case;  and  (2) 

*In  order  to  obtiin  msiMsrsbki  exprcMlons  for  P{t),  which  muit  b«  averaged,  Pctireon 
restricts  himself  to  Richard's  "open"  end  "slngle-overUp"  esses.  As  long  as  P(t)  Is  less 
than  one-half,  these  ere  the  only  caiei  poMible. 
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in  both  casM  over  the  range  of 
probabiUtiee  ueuaily  of  intereit 
(probability  of  coincidence  per  acen 
then  O.I),  th$  Ifm  r$quktd 
aekitvt  a  tpacifM  Mareept  prat- 
ability  variat  hvartaly  taitb  thi 
probabiHty  oj  Marca^  par  acan. 
Thii  ia  certainly  the  moat  impor¬ 
tant  dngle  price  that  one  muat  pay 
in  going  from  a  wide-open  to  a 
acanning  ayatem.  In  aome  circum- 
atancea  one  can  afford  the  extra 
time  required;  in  othera  it  ia  aimply 
not  tolerable.  To  reduce  aearch 
rnuai  6-12  Number  of  ioum  to  achieve  a  time  one  muat  either  acan  more 
ipecifled  probabUily  of  coincldcnte  venue  rapidly  or  Increaae  the  probability 
probability  of  coincidence  on  a  single  Kan.  ^  j„. 

tercept  ayatema  which  involve  acanning  more  Uuui  one  parameter  (frequency 
and  antenna  direction,  for  example)  almoet  alwaya  lead  to  a  very  low  prol^ 
ability  of  intcrcq$t  per  acan  (the  alower  acan)  and  hence  to  very  long 
aearch  timea.  Ai  a  reault  moat  practical  ayatema  have  been  limited  to  the 
•canning  of  a  aingle  parameter  (uaually  frequency). 

When  one  ii  looking  for  signala  of  abort  duration,  one  !•  naturally  led  to 
increaaed  acanning  apeeda.  In  the  deflnltiona  of  Section  6.2.2,  acceptance 
bandwidth  ia  mrecifled  as  thouidt  It  were  independent  of  the  aweep  apeed.  Aa 
the  aweep  ape^  is  Increased,  one  flnds  that  the  effective  acceptance  band¬ 
width  of  the  receiver  increases,  and  the  amplitude  of  the  receiver  output  dc- 
crsasr«b.  This  problem  baa  been  studied  by  several  authors  (References  17, 
18,  and  10).  As  one  scans  faster  and  faster,  the  effective  acceptance  band¬ 
width  ultimately  approachK  the  entire  frequency  interval  being  scanned; 
and  the  panoramic  receiver  becomes  a  wide-open,  broadband  receiver!  One 
can  show  that  the  output  signal-to-noiM  ratio  for  such  a  receiver  is  the  tame 
as  for  a  conventional  broadband  receiver  if  optimum  video  Altering  is  used 
(Reference  20).  Subsequent  studies  of  the  statistical  performance  of  a 
rapidly  scanned  panoramic  receiver  have  indicated  that  from  the  signal 
detectability  point  of  view  there  is  never  a  Anite,  optimum  video  bandwidth. 
Depending  upqn  the  parameters  of  the  situation  the  optimum  video  Alter  is 
always  found  to  be  very  narrow  (an  Integrator)  or  very  wide  (no  Alter). 

6.4  Coliacldenee  Propertlee  of  Varloua  Types  of  Receivers 

During  the  early  days  of  the  countermeasures  program,  the  only  rec<«ivera 
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avtlkbSa  for  purpotm  of  lnt*rc«ption  and  idantiflcation  of  fraquancy  ware 
of  the  “ik>w-ican”  typa  adapted  to  bo  tunad  manually  actooo  a  fraquancy 
band  in  a  matter  of  minutoo.  Under  those  conditions,  most  of  the  early  w«rk 
on  intercept  probability  was  concerned  with  the  datamdnatlon  of  optimum 
acannln|>repatltion  frequencies  as  a  function  of  radar  revolution  rates  (Rtf> 
erencas  31, 33,  33,* and  34).  Since  the  scannlnf-ropatitloo  fraquandeo  (SRF’s) 
of  such  receivers  may  be  comparable  with  the  fraquanciafl  of  rrrdution  of 
searching  radar  sets,  they  were  not  well  adapted  for  use  u  intercept  receivers. 

In  more  recent  years,  the  advent  of  “rapid-scan’*  receivers  capable  of 
scanning  over  the  entire  frequency  band  in  a  small  fraction  of  a  second  has 
made  it  poniblc  to  examine  new  Manning-frequency  regions,  in  which  the 
interception  ratio  is  a  function  principally  of  the  pulse-repetition  frequency 
or  of  the  look  period.  It  has  found  that  satisfactory  interception  can 
be  achieved  using  tlicse  higher  (SRF’s),  thereby  rendering  further  examina¬ 
tion  of  the  longer-scan  region  unnecessary. 

6.4.1  Slow-Scan  Reorivesw 


6.4.2. i  th«  Asmptmtuit  Bmtd  by  Its  Ovm  Width 

fis  On*  Rtvolmtion  Ferfad.  The  intercept-probability  problem  can  best  be 
approached  by  examining  the  manner  in  whl^  the  ratio  of  pulses  intercepted 
varies  as  a  fimction  of  the  scanning-repetition  freque  ncy,  the  ratki'  m'olution 
frequency,  and  the  look  period  or  the  radar  prf.  Initially,  consider  the  region 
in  which  the  receiver  scanning-frequency  is  very  small  in  comparison  with 
the  radar-antenna  revolution  frequency.  Speclftcally,  assume  that  the  re¬ 
ceiver  Is  tuned  at  a  rate  such  that  its  frequency  changes  by  a,  its  acceptatKe 
bendwldth,  in  megacycles  per  second,  in  the  period  of  one  radar  revolution. 
Such  a  condition  is  indicated  diagrammatlcally  in  Figure  6-13. 


J 

1 

Fiousc  6-U  Slow  Ksn;  rtccivrr  iunti  throush  own  bsndwMih  in  one  period  of  revo¬ 
lution  o(  trsnunltiini  antenna. 

We  now  have  the  following  relationships:  the  ratio  of  pulses  intercepted, 
or  “intercept  ratio”  is 


(6-39) 
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where  ts  the  frequency  of  coincidence  between  the  receiver  frequency  end 
the  ndar  frequency,  end  is  the  frequency  of  revolution  of  the  r&der.  One 
trein  of  pulsee  is  directed  st  the  receiver  durlnf  etch  revolution  of  the  redar, 
and  Fit  trains  of  pulses  are  therefore  available  for  interbqpticui  during  each 
unit  of  tioM.  Ft  is  given  by 


Ft  =  1/r,  (6-40) 

vdiere  7,.  is  the  time  interval  between  coincidences.  In  this  caK,  one  pulse 
train  or  one  '*look’'  is  intercepted  during  each  scanning  period  and  we  i^ve; 

7,  =  7.  (6-41) 

where  T,  is  the  scanning  period  of  the  receiver.  In  turn,  7*  is  given  by 

7.  =  T,t  (6-42) 

S 

since  the  receiver  tunes  over  a  band  a  wl<k  in  tints  7|«,  and  the  scanning 
bai^d'^dth  is  D  cycles  per  second. 

Substituting  Eq.  (6-42)  aud  (6-41)  in  (6-40),  we  have 

F,:=:l/^T,t^F,t»/D  (6-43) 

and  substitution  of  this  sispression  in  Eq.  (6-39)  yields  the  required  recult, 


Thus,  in  this  case,  the  ratio  of  pulses  intercepted  is  equal  to  the  ratio  of 
the  acceptance  bandwidth  of  the  receiver  to  the  scanning  bandwidth  of  the 
receiver. 

The  maximum  time  required  to  intercept  the  signal  is,  evidently,  the  coin¬ 
cidence  period 

7.=  -^7u  (6-4S) 

Pi 

By  way  of  example,  usumc  that  we  have  the  following  typical  case: 

Tin  —  30  seconds 
D  =  2000  Mes 
a  se:  2CC  Mes 


I 

i 

I 
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Thtn  th«  ratio  of  pulaei  intercepted  ia  found,  from  Eq.  (6-M),  to  be 

R  ss  200/2000  s  0.1  (6-46) 

and  Eq.  (6-45)  ihows  that  the  maximum  time  required  to  achieve  intercep¬ 
tion  it 


7«  ss  (2000/200)  X  60  ss  300  Mojnds  s=  5  minutet.  (6-47) 

Although  the  time  required  for  interception  it  long,  the  relationthip  given 
by  Eq.  (6-<*  *  I  *nd  (6-45)  are  useful,  and  this  region  of  operation  is  of  prac¬ 
tical  importance  ber^^^e  it  is  at  least  certain  that  an  interception  will  be 
obtained  during  each  i  mning  period  of  the  receiver.  The  assuu^tion  it 
made,  of  course,  that  the .  -'pisnee  band  of  the  receiver  is  sufficiently  wide 
so  that  the  receiver  remains  ''•i  ‘he  radar  frequency  during  the  entire 
period  of  each  intercepted  look,  liils  condition  actually  exists,  even  in  the 
case  of  narrowband  receivers. 

In  the  above  examples,  a  10  percent  acceptance-band  to  scanning-band 
mtlo  has  purposely  bUn  usumed  beca’ise  this  ratio  applies  to  rapid-Ksn 
receivers,  which  will  form  the  basis  of  the  diKutsion  of  other  operating 
r^ons  in  which  the  acannlng-repctltion  frequency  is  higher.  It  is  readily 
seen  from  Eq.  (6-45)  that,  if  a  conventional  narrowband  (•  s=  2Mcs)  super¬ 
heterodyne  intercept  receiver  is  used  in  this  manner,  scanning  over  the  same 
band,  D,  the  maximum  time  required  for  interception  may  be  100  times  u 
great,  or  500  minutes  (8H)  hours.  This  pdnts  up  one  of  the  difficulties  of 
using  such  receivers  as  Intercept  receivers. 

6.4,1, t  Seen  Ftried  Compmrmbh  tcUh  Pariod.  If  it  is 

now  assumed  that  the  SRF  is  raised  so  that  the  acceptance  baiid  of  the  re¬ 
ceiver  is  displaced  more  than  its  own  width  in  one  revolution  period,  we  enter 
a  region  in  which  little  can  be  predicted  regarding  intercept  effectiveness. 
The  region  discussed  in  Section  6.4. 1.1  above  involve*  SRF’s  of  the  order  of 
10  scans  per  hour.  We  now  consider  SRF’s  ranging  from  this  figure  through 
the  region  in  which  the  SRF  is  comparable  with  the  radar  revolution  fre¬ 
quency,  say  too  revolutions  per  hour,  to  the  region  in  which  the  SRF  as¬ 
sumes  a  value,  say  20  scans  per  second,  comparable  with  the  reciprocal  uf 
the  time  duration  of  a  radar  look.  'This  is  a  very  extensive  part  of  the  SRF 
spectrum,  including  as  it  does,  SRF’s  from  the  order  of  magnitude  of  10'* 
per  second  to  the  order  of  magnitude  of  10  per  second. 

As  soon  as  the  acceptance  band  of  the  receiver  is  displaced  more  than  a  in 
the  periud  of  one  radar  revolution,  it  can  bet  seen  tht^t  ihcre  Is  a  possibility 
of  the  pulses  of  a  given  radar  look  occurring  at  an  instant  when  the  receiver 
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U  not  on  thf  radar  frtqutncy.  Undar  Umn  eonditiona  no  Inttrcaptlon  occurs. 
As  th«  SRF  is  still  further  inerMstd,  a  series  of  values  is  reached  at  which 
the  receiver  “gate”  is  open  at  the  radar  frequency  every  nth  hxA.  For  tex- 
ample,  if  the  SRF  is  one-quarter  the  radar  revolution  frequency,  and  the 
phase  relations  are  favorable,  the  receiver  will  intercept  every  fourth  look. 
On  the  other  hand,  if  the  phase  relations  are  not  favorable  under  these  con¬ 
ditions,  the  receiver  will  fail  to  intercept  any  looks  at  nil. 

Further  Increase  in  the  SRF  brings  it  to  tbs  value  where  it  is  equal  to  the 
radar  revolution  frequency.  At  this  value  of  SRF,  every  look  will  be  inter¬ 
cepted  if  the  phase  relations  are  favorable,  but  a  complete  failure  to  inter¬ 
cept  any  pulsee  will  occur  if  the  phase  relations  are  not  favorable. 

When  the  SRF  is  greater  than  the  radar  revolutioc  frequency,  a  situation 
prevails  which  is  similar  to  that  which  exists  when  the  SRF  is  Ish  than  the 
radar  revolution  frequency.  "Beats”  occur  between  the  receiver  and  radar 
gates,  and  the  ratio  of  pulsH  intercepted  may  be  large  or  smaU  d^>eoding 
on  the  beat  frequency  and  the  phase  relationships  involved. 

This  case  is  most  easily  analysed  by  considering  the  condition  which  exists 
in  the  region  where  the  SRF  is  closely  comparable  to  the  radar  revdution 
frequency.  FlgurM  6-14,  6-15,  and  6-16  are  diagrammatic  repreaentstions  of 
this  ration.  (In  Figures  6-14,  6-15,  6-16,  6-17,  and  6-11  only  about  every 
fifth  pulse  is  drown  bKauw  of  drafting  limitations.)  In  each  of  theN  figures, 
the  top  line  represents  the  times  of  occurrence  of  the  radar  looks,  the  center 
of  each  of  which  is  indicated  by  the  short  vertical  lines.  The  bottom  line 
represents  the  times  at  which  the  center  of  the  receiver  gate  is  at  the  radar 
irequency.  In  what  follows,  no  attempt  is  made  to  apprelH  the  effect  of  the 
relationshiip  between  the  acceptance  bandwidth  and  the  duration  cf  the  radar 
look.  The  results  obtained  herein  might  be  expanded  to  take  into  account 
the  fact  that  these  occurtences  actually  have  finite  duration;  but  the  value 
of  such  effort  .  'ould  .^em  to  be  problematical,  since  it  is  quite  evident  that 
this  is  not  an  optimum  operating  r^on. 

First  consider  Figure  6-14.  This  is  the  case  where  the  SRF  is  exactly 
equ.iS  to  the  radar  revolution  frequency,  and  the  phase  relations  are  favor¬ 
able.  ft  is  quite  evident  without  any  analysis  whatsoever  that  under  theM 
conditioan  all  looks  are  Intercepted,  R  Is  unity,  and  T,  is  Tu,  if  we  assume  a 
coincidence  at  f  —  0. 

However,  it  is  also  evident  that,  in  order  to  rr^iintaln  this  perfect  intercut 
effectiveness,  it  is  necessary  that  the  iistes  be  open  at  txactly  the  same  ti^^. 
Since  they  are  shown  at  being  infinitely  narrow,  even  the  slightest  time  lag 
or  gain  vrili  result  in  losing  the  interception  entirely.  The  extreme  case  of 
this  type  is  represented  by  Figure  6-iS,  in  which  the  radar  is  exactly  half  a 
cycle  cut  of  phase  with  the  receiver,  and  no  pulses  are  Intercepted. 
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7zouaa  6-16  Rapid  scan ;  fanning  rtpetlilon  period  comparablt  with  radar  look. 
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like  conclusion  is,  of  course,  that  when  the  SRF  is  mictly  equal  to  the 
radar  revolution  frequency,  the  intercept  ratio  R  may  be  either  1.0  or  0, 
depending  upon  the  phase  relations.  In  the  caK  of  practical  receivers  in 
which  the  flnite  width  of  the  gates  permits  the  Interctption  of  the  trailing 
edge  or  of  the  leading  edge  of  a  pulse  train,  this  conclusion  would  be  modified 
to  state  that  when  the  SRF  is  t»acHy  equal  to  the  radar  revolution  frequency 
the  intercept  ratio  R  may  lie  between  1.0  and  0.  This  would  be  a  trivM 
result,  except  for  the  fact  that  in  certain  other  regioiu  P  is  much  more  nar> 
rowly  limit^,  regardless  of  phase. 

Because  it  is  practically  impossible  to  maintain  two  periodic  functionB 
exactly  in  step  over  any  appreciable  period  of  time,  neither  Figure  6*14  nor 
Figure  6<1S  has  much  practical  significance.  Instead,  the  conditions  denxxi- 
strated  by  FigufN  6*16  and  6-17  are  those  which  will  prevail  in  this  region 
moet  of  ^e  time.  Figure  6-16  represents  the  case  where  the  SRF  is  slightly 
greater  than  the  radar  revolution  frequency  or,  in  other  words,  where  tlM 
scanning  period  is  slightly  shorter  than  the  radar  revolution  period. 

In  analysing  Figure  6-16,  we  observe  that,  at  the  end  of  the  first  revolu¬ 
tion  of  the  radar  antenna  the  receiver  gate  is  Tk/IO  ahead.  At  the  end  of  the 
second  revolution,  the  receiver  gate  is  2Ti,/10  ahead,  and  it  increasM  Its  lead 
by  Tt«/10  each  revolution,  until,  after  10  revolutions,  it  is  ahead  by  Tit’,  and 
a  coincidence  occurs  on  the  ninth  radar  look. 

This  would  lead  to  the  conclusion  that  a  coincidence  will  occur  whenever 
enough  revolutions  have  been  passed  to  advance  the  scanning  gate  by  one 
revolution  period.  This  conclusion  is  approximately  correct,  but  note  needs 
to  be  taken  of  the  fact  that  exact  multiples  of  T,  and  7u  may  be  Involved 
aiid  that  the  advance  may  be  more  than  one  revolution  period.  If,  in  fact, 
T,  were  2T„/10,  the  advance  per  period  would  be  iTn/lQ  and  the  pti 
would  advance  four  revolution  periods  In  order  to  produce  a  coincidence. 
Also,  the  advance  must  be  an  integral  number  of  revolution  periods,  since 
the  gates  are  shown  as  being  infinitely  narrow. 

A  similar  situation  prevails  when  T,  >  T,„  as  shown  in  Figure  6-17. 

Extreme  variations  in  R  and  T,  occur  in  this  region  with  very  small  varia¬ 
tions  in  T,/T,„  and  since  there  is  no  possible  way  in  practice  to  fix  the  value 
of  r,  in  relation  to  T,t,  or  even  to  predict  it,  it  would  be  impoecible  to  utlliso 
any  optimum  relationship  which  might  be  established.  It  is  concluded  that, 
since  there  are  other  regions  in  which  optimum  values  of  the  operating  para¬ 
meters  can  be  easily  determined  a.nd  easily  achieved  in  practice,  exact  analysis 
to  determine  R  and  Tc  in  this  region  In  which  SRF's  are  comparable  with 
radar  revolution  frequencies  would  not  be  justified,  at  least  for  the  purpoee 
of  this  discussion 
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6.4i2  R«pid-Se«n  Roocirm 

6,4JI,1  Semi  Period  Compermble  vdth  Durmthn  of  Rmior  Look. 
As  Um  SRF  Is  now  further  increased,  the  scenning  period  begSni  to  eK^roech 
the  value  where  it  is  comparable  In  length  to  the  duration  of  a  radar  look. 
Typically,  the  length  of  a  radar  look  may  be  in  the  vicinity  of  second.  In 
this  section  therefore,  SRF’s  in  the  neighborhood  of  20  cycles  per  second  are 
discussed.  The  pulse  length  tt  and  the  q}ectral  duration  bt/s,  are  disregarded, 
because  they  are  both  small  in  comparison  with  h/i,  the  time  the  receiver 
gate  is  open  on  the  frequency  of  the  pulse. 

This  is  one  of  the  optimum  regions,  in  which  performance  can  be  predicted 
with  utisfactory  accuracy.  Thus  results  of  Eq.  (6-28)  do  not  apply  since  the 
antenna  scanning  process  is  not  random.  The  relationshifM  developed  in  this 
section,  thou|^  simple,  will  therefore  be  found  to  be  significant  from  a  prac¬ 
tical  standpoint.  Considering,  first,  the  case  when  the  scanning  period  T,  is 
exactly  equal  to  the  duration  of  a  radar  look  U,  as  shown  in  Figure  6-18,  it 
is  evi^nt  that  some  pulses  will  be  intercepted  during  each  scanning  period. 

The  number  of  puisM  intercepted  out  of  any  given  look  will  be  the  product 
of  the  pulse-r^Mtitlon  frequency  Ff  and  the  length  of  time  the  receiver  gate 
is  open  on  the  radar  frequency.  The  intercept  ratio  (the  fraction  of  pulses 
intercepted  from  a  given  radar  look)  will  then  be  this  quantity  divided  by 
the  number  of  pulses  in  a  look.  Since  the  receiver  gate  is  open  on  the  radar 
frequency  for  a  time  duration  i»T,/D,  and  the  number  of  pulses  in  a  lock  is 
we  have,  for  T,  = 


R  = 


F,»T,/D  _  a 
t„F,  -  D 


(6-46) 


It  is  also  evident  that  the  maximum  length  of  time  required  to  produce  an 
intercept,  if  the  look  is  already  there  when  the  scanning  cycle  starts,  is  T,, 
However,  if  time  is  reckoned  from  the  moment  when  the  receiver  is  turnMi 
on,  there  may  be  no  pulse  train  available  for  interception  until  the  radar 
antenna  comes  around  and  looks  at  the  receiver,  d  If  this  definition  is 
used  the  maximum  Intercept  time  will  be  T,,. 

As  the  SRF  is  further  increased,  the  relatlonshipj  of  this  section  (averaged 
over  a  number  of  sweeps)  continue  to  apply  until  the  lime  ihe  receiver  gate 
is  open  becomca  less  than  the  period  of  the  prf,  under  which  conditions  it  is 
possible  that  the  gate  may  exlit,  at  the  radar  frequency,  only  betwrtn  pulses, 
This  upper  limit  is  given  by 
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r.  =  {DMT, 

For  exxmple,  In  the  cue  of  e  mpid-ecAn  receiver  iHih  as  aecoptano.  b«uid 
to  KJUining'buid  ratio,  u/D,  of  O.i,  learching  for  a  radar  operatini  at  a  prf 
of  1000,  the  minimum  ecanniag  peri^  applicable  to  thia  region  ia 

r.  .1.  =  10  X  1/1000  =  0.01  aecond  (6-50) 

SemmtHgJt0p«tiStc/H  Fnfumey  CompmrtAU  ttUk  FHF, 
We  now  ei'.ter  the  region  in  which  it  ia  poealble  for  the  acceptance  band  of 
the  receiver  to  crou  the  radar  frequency  between  puieaa.  Coi^derationa  ap¬ 
plying  to  thia  region  are  aimilar  to  thoae  already  diacuaaed  in  Section  6.4.1.2 
in  connection  with  the  cmidition  when  the  acanning  period  la  comparable  with 
the  revolution  period.  The  diacuaaion  of  Section  6.4. 1.2  will  iwt,  therefore,  be 
repeated  here. 

Where  a  random  delay  ia  employed,  the  atudytls  of  Section  6.2.4  q>plie8 
here.  In  any  cau,  thia  ia  a  uaeful  operating  r^on,  becauae  u  ahown  by 
Dethlefaen  (Reference  10),  when  T,  and  T,  are  email,  phou  and  frequency 
inatability  produce  a  deairable  amoothing  effect  in  a  abort  period  of  time  and 
eliminate  the  aharp  peaka  and  nulla  of  eynchrcmlam.  Theie  conalderationi  are 
diKuaeed  in  more  detail  in  Section  6.4.3. 

6,4,t,8  Sem  Pnio4  CompmrmbU  wish  PnJae  Ltngth^  Technical  de» 
\’elopmenta  have  now  made  it  poMible  to  operate  with  a  acanning  period  u 
ahort  u  the  length  of  the  pulae.  In  thia  region,  it  ia  obvioua  that  perfect  in¬ 
tercept  effectivenesa  ia  achieved.  Since  the  receiver  acana  over  the  entire  bend 
in  the  period  of  a  pulae,  it  ia  impoeall^o  to  miaa  any  pulaea,  and  every  pulae 
will  ke  intercepted.  Therefore,  the  intercept  ratio  is  1.0  and  Uie  maximum 
time  required  to  produce  interception  ia  either  T,  or  Tt„  depending  upon 
whether  time  ia  reckoned  from  the  atart  of  a  radar  look  or  from  the  time 
when  the  receiver  ia  turned  on. 

The  usefulness  of  this  region  of  operation  is  limited  principally  by  tech¬ 
niques.  Since  by  definition  the  time  the  gate  is  open  on  the  radar  frequency 
is  shorter  than  the  pulse  length,  it  follows  that  the  gate  cuts  the  pulse  into 
segments  which  are  only  a  fraction  of  a  pulse  length  long.  The  result  ia  to 
increase  the  video  bandwidth  requirements  of  the  receiver,  to  reduce  the 
amount  of  energy  available  for  display  purposes,  and  to  increase  the  writing- 
speed  requirement  of  the  display  osciliosct^.  It  has  betm  shown  on  theoret¬ 
ical  grounds  (Reference  2S)  that  these  extended  design  requirements  can 
be  met  with  only  a  relatively  small  amount  of  circuit  and  component  refine¬ 
ment,  and  receivers  have  been  constructed. 
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6.4.8  TlMEffMtoflnstabilitjr 

In  S«ctIon  6.2.4  the  effect  of  introducinc  a  random  delay  Into  the  receiver 
■weep  pattern  ie  dUcuased  and  analyaed.  It  has  bean  found  that  luch  random 
delays  are  actually  present,  even  if  not  intentionally  Introduced,  in  view  of 
the  phase  and  frequency  instability  of  both  the  radar  and  the  receiver.  The 
instability  of  these  parameters  is,  in  fact,  so  large  that,  over  a  relativity  short 
period  of  time,  the  peaks  and  nulls  due  to  synchronliation  are  smoothed 
out,  and  an  averaged,  integrated  value  is  obtaliied. 

A  genera!  analysis  along  these  lines  has  been  completed  and  verified  ex¬ 
perimentally  by  Dethlefsen  (Reference  10).  As  in  Sections  6.2.3  and  6.2.4, 
the  statistical  principle  involved  is  that,  if  a  certain  number  of  events  occur 
at  random  at  a  certain  average  rate  over  a  long  period  of  time,  and  if  the 
continuum  is  sampled  at  random  during  that  same  period  of  time,  then  the 
proportion  of  events  detected  will  be  equal  to  the  proportion  of  time  during 
idbich  umpling  nMchanlsm  u  recepUve.  Applied  to  the  intercept  problem 
ihi  '  t.«eaiui  that,  if  the  average  number  of  pulses  directed  (at  random  inter- 
val»^  li*  •he  receivir  over  a  long  period  of  time  is  A  and  if  during  that  sante 
perloa  of  time  the  receiver  is  receptive  at  the  railar  frequency  for  a  fraction 
of  time  represented  by  B,  then  the  number  of  pulses  intercepted  will  be  AB, 
More  specifically,  if  the  prf  is  F„  the  receiver  acceptance  bandwidth  is  a,  and 
the  receiver  scanning  band  is  D,  then  the  receiver  will  be  open  at  the  radar 
frequrmey  for  a  fraction  of  time  a/D  and  the  rata  at  which  pulses  will  be 
intercepted  will  be  Ffia/D,  regardless  of  the  frequency  and  phase  relations 
involv^,  providing  they  are  both  random  and  considering  frequency  scan¬ 
ning  only.  Then  it  follows  that,  with  these  same  limitations,  the  intercept 
ratio  is  a/D, 

The  validity  of  this  line  of  reasoning  is  quite  evident,  provided  that  it  can 
be  accepted  that  the  processes  involved  are  actually  random.  It  nuy  seem 
surprising  that  this  is  true  in  the  case  of  the  intercept  problem,  in  view  of  the 
care  which  has  previously  been  taken  to  determine  exact  frequencies,  band- 
widths,  phase  relationships,  etc.  However,  careful  tests  have  bMn  made  using 
simulators,  and  it  has  t^n  determined  that  the  instability  encountered  in 
actual  practice  is,  indeed,  sufficient  so  that  the  statistical  result  applies  with 
considerable  exactness.  In  fact,  attempts  to  maintain  synchrcnlsm  between 
T,  and  T,.  or  Tf  with  the  objective  of  operating  at  one  of  the  peaks  or  nulls 
of  the  synchronous  condition  always  met  with  failure;  after  a  relatively  short 
period  of  time,  synchronism  was  lost  and  the  intercept  ratio  became  a/D, 

It  may  therefore  be  stated,  by  way  of  summarising,  that  in  the  practical 
intercept  case  the  average  Intercept  ratio  Is  always  a/D,  regardless  of  the 
nomlntl  values  of  T„  7,  or  7,,,  provided  that  the  observations  lire  taken 
over  a  long  period  of  time. 

The  question  still  remains  u  to  what  is  a  long  period  of  time,  in  this  case. 
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TmU  ilwvt  thst  thif  niMna  that  the  ptriod  of  obiorvatioii  muit  bt 
long  In  emnpArison  with  any  of  the  variablN  T„  Tt4  or  T,,  Tbato  rotation, 
ihipt  art  thtreforo  not  valid  in  tha  case  of  diort-burst  trsxuuniaaioai. 

6.3  Sammary  of  tho  CotncldoDOo  PHablom 
Taking  the  coniiderations  of  Section  6.4  into  account  we  arc  now  able  to 
draw  the  following  conclusions  regording  the  relative  merits  of  tha  variour. 
regions  of  (Ration  which  have  previously  been  considered. 

(A)  Receiver  tunes  tiirough  a  in  Ttn  (Sectioo  6.4.1. 1) 

This  region  is  established  as  valid  and  predictable  without  relying 
on  statistical  considerations.  The  maximum  time  of  Intercept  is, 
however,  too  long,  and  this  is  not  a  desirable  operating  region. 

(B)  T,  comparable  wi^  Tu  (Section  6.4.1.2) 

Here,  statistical  analysis  indicate  that  &  satisfactory  intercept 
ratio  can  be  obtained  if  the  observations  are  continued  over  a  suffi* 
clently  long  period  of  time.  However,  this  means  that  the  period 
of  observation  must  be  long  in  comparison  with  the  radar  revidution 
period  Tfa,  which  is  in  itself  long.  Thus,  satisfactwy  intercept  ef¬ 
fectiveness  cannot  bo  expected  in  a  period  of  time  less  than  a  half, 
hour,  and  this  is  not  s  desirable  operating  region. 

(C)  T,  comparable  with  h,  (Section  6.4.2.1 ) 

This  Is  the  moat  utisfactory  of  all  the  regions  discussed.  Per¬ 
formance  is  predictable  without  resorting  to  (ttatlstical  considera¬ 
tions.  The  Intercept  ratio  Is  always  oi/D  and  the  maximum 
Interception  time  not  greater  than  Tu- 
{D)  T,  comparable  with  T,  (Sections  6.2.3, 6.2.4,  and  6.4.2.2) 

Although  the  complications  of  synchronism  occur  hers,  statistical 
coneiderationi  show  that  this  is  a  desirable  operating  region,  becauM 
T,  and  T,  are  both  small,  and  the  tlms^of  observation  therefore  can 
be  relatively  small  and  still  remain  large  with  t  aspect  to  T,  and  Tp, 
producing  an  intercept  ratio  of  ts/D, 

(E)  T,  comparable  with  U  (Section  6.4.2.3) 

PerfKt  Intercept  efiectiveneu  is  attained  in  this  r^lon,  and  each 
pulse  Is  Intercept^  individually. 
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7.1  PtoMmim  of  Signal  DotoctabUlty 


7.1.1  IntirodlnetloB 

Tht  probitm  of  dtUction  of  tlgnils  in  tha  pnaenca  of  mnuom  nolM  tad 
Intarferanca  U  aaiantltUy  n  problam  of  dadding  batwaan  two  poeaibilltlea; 
(igntl  wu  praaant  in  tha  nolaa  tnd  intarfaranca,  or,  only  noUa  and  Intar* 
faraaca  wu  praaant.  Tba  problam  la  aUtisiktl  in  nttura,  bactuaa  tha  noiaa 
ia  t  random  procau,  and  aa  tha  raaulting  thaory  of  aignal  datactability  ia  a 
apaciAc  application  of  the  more  general  atatiatical  declalon  theory.  Aa  a 
theory  for  raceiycr  daaign  it  differa  from  the  uaua!  aig!uil>to>ndaa  ratio  ap¬ 
proach  to  deaign  in  that  detectability  theory  deaigna  by  conaidering  Arat  tha 
objectivaa  of  the  receiver  and  worka  back  tovard  the  design  of  the  circulta, 
contruted  to  banning  with  tha  baaic  circuit  design  and  optimising  para- 
matar  values  to  achieve  optimum  signal-to-noise  ratio.  Because  of  this  change 
of  approach,  designs  baa^  on  the  detectability  theory  can  claim  to  be  truly 
optimum.  Of  equd  importance  is  the  realiutlon  that  practical,  non-optimum, 
receivers  can  be  rated  against  the  optimum,  so  that  one  knowi  how  much 
could  be  gained  by  further  improvement. 

It  wu  in  connection  with  the  development  of  radar  that  tha  modern  thaory 
of  signal  detection  had  its  beginning.  North’s  paper  ia  a  notable  early  work 
(Reference  1).  North  uses  the  ideu  of  probability  of  detection  and  false 
alarm  probability  in  deAning  optimum  detection,  and  he  dlKusses  the  q>t! 
mixaMon  of  i-f  Alter  transfer  function,  detector  characteristic,  and  integration 
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for  «  radar  aystetn.  Sl>|trt  was  the  Arst  to  propoN  the  me  of  ths  atatlitical 
theory  coricerning  hypothesis  testing  to  solve  the  prd)Iem  of  optimum  detec¬ 
tion  of  threshold  ra^r  signals.  A  brief  account  of  this  “Theory  of  the  Ideal 
Observer"  appears  in  Tkr$thold  SigiuUt  by  Laws(m  and  Uhlenbeck  (Refer¬ 
ence  2). 

The  theory  of  target  detection  by  pulsed  radar  received  very  thorough 
trectment  by  Marcum  In  an  unpublished  Rand  Corporation  repm’t  (Refer¬ 
ence  3).  Both  optimum  and  commonly  used  non-optimum  types  of  systems 
are  considered.  Formulas  and  curves  are  given  for  false  alarm  probability 
and  probability  of  detection.  Titls  report  is  still  a  good  reference  on  signal 
detection  in  conventional  radar.  Several  other  treatments  of  the  radar  prob¬ 
lem  have  appeared.  The  paper  by  Slattery  (Reference  4)  treats  the  pn^Ienfi 
of  detection  of  a  single  pulse:  dissertations  by  Hanse  and  Schwarts  (Refer¬ 
ences  5  and  6)  treated  phases  of  the  radar  problem.  The  radar  problem  has 
also  been  treated  by  Middleton  (References  7  and  8).  This  treatment  fea¬ 
ture  an  even  greater  emphuls  on  statistical  theory.  The  application  of 
sequential  analysis  was  suggested  for  the  Arst  time  In  the  literature. 

Woodward  and  Davies,  also  working  initially  on  radar  development,  mnde 
the  Arst  steps  toward  a  general  theory  of  signal  detection  (References  9-12). 
They  Introduce  the  idea  of  a  receiver  having  a  poUtrhri  probability  (i.e., 
an  estimate  of  the  probability  that  a  signal  was  sent)  as  its  output  rather 
than  a  yes-no  answer  to  the  question  of  whether  or  not  a  signal  was  sent. 
They  show  that  such  a  receiver  gives  a  maximum  amount  of  information. 
They  treat  the  case  of  an  arbitrary  signal  known  exactly  or  known  except 
for  carrier  phue  with  no  more  difficulty  than  other  authors  have  had  with  a 
sine-wave  or  pulse  signal.  The  noise  is  assumed  to  be  white  and  bandlinriiied. 

The  most  important  advance  toward  a  general  theory  of  detecti<«  was 
made  by  Orenander  (Reference  13)  in  his  paper  on  "Stochastic  Processes 
and  Statistical  Inference."  This  paper  is  mathematical,  and  makes  no  men¬ 
tion  ot  noise  or  the  detection  of  signals.  The  problems  treated,  however,  are 
precisely  those  of  detecting  signals  in  noise  and  estimating  signal  paranteters 
in  the  presence  of  noise.  The  method  for  handling  arbitrary  noise  and  signals 
is  developed,  and  a  few  examples  are  worked  out  using  gaiuslan  noise. 

While  the  concepts  in  this  theory  can  be  expressed  quite  simply,  complete 
description  of  an  optimum  receiver  and  evaluation  of  probability  of  detec¬ 
tion  and  false  alarm  probability  Involves  much  numerical  work  in  all  but  the 
very  simplest  cases.  The  work  so  far  reported  on  efforts  toward  determina¬ 
tion  of  optimum  receivers  and  their  performance  fails  in  three  classes  accord¬ 
ing  to  the  manner  in  which  the  sImpliAcation  la  made. 

In  the  Arst  case,  the  noise  was  assumed  gaussian,  but  with  arbitrary  spec¬ 
trum  (or  autocorrelation).  Only  two  signal  ensembles  have  been  studied  in 
detail.  Reich  and  Swerling  (Reference  14)  studied  tho  case  of  an  amplitude 
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modulated  (igna!  known  except  for  carrier  phaie.  In  Referencet  15  and  16 
Davie  reported  ort  the  case  of  a  iignal  known  exacUy,  Even  for  thete  very 
limple  casei  the  lolutione  are  quite  involved. 

If  aecondly,  the  noiee  U  further  reetricted  to  the  white  bandlimited  gaue- 
elan  noiee,  t^  fcwinvlaa  cimplify  very  greatly.  Thie  caee  ie  etudied  in  detail 
in  Electronic  Defenee  Group  Technical  Report  No.  13  (Reference  17).  The 
report  includee  a  genera!  intro<!uction  to  t^  problem  of  eigiuil  detectability, 
and  q;>eciflc  derivatlona  of  the  optimum  receiver  and  probabilitiee  of  detec¬ 
tion  Mid  falee  alarm  for  a  number  of  caaee  of  practical  intereat.  The  qiecial 
caaee  which  are  preeented  were  choeen  from  the  ^nqileet  problcme  in  eignai 
detection  which  cloeely  repreeent  practical  eitute.U 

A  third  approach  wae  ueed  by  Middleton  (Reference  18  and  19).  The 
method  he  choee  for  eimpllfying  the  problem  wae  to  expanv  ‘be  It^rithm  of 
the  likelihood  ratio  in  a  power  eeriee  in  terme  of  eamplc  value.,  ^nd  tb-n  to 
keep  only  firet  degree  terme  if  they  are  not  aero,  or  eecond  degree  .  It 

the  firet  degree  terme  vaniah.  Middleton  calle  the  Aret  caee  the  coherent  and 
the  eecond  the  incoherent  caee.  Then  the  coherent  caee  la  reduced  to  the 
atudy  of  a  linear  form  and  the  Incoherent  caee  to  the  etudy  of  a  quadratic 
form,  both  of  which.  In  the  mathematical  area,  have  been  etudied  exteneively. 
Thie  approximation  Involvee  no  error  for  the  caee  of  a  eignal  known  exactly 
and  ie  a  good  approximation  for  the  caee  of  the  eignal  known  exc^t  for 
pbaae.  For  other  cacec,  it  ie  dIfAcult  to  eay  how  good  the  approximation  will 
bo. 

The  paper  by  Urkowiti  (Reference  30)  pointe  up  a  problem  in  designing 
Alters  for  optimum  detection,  While  thie  paper  ie  concerned  with  maxlmiilnii 
elgnal-to-noiie  ratio,  the  tame  problem  arieee  if  a  etatletical  approach  it  used 
(References  15  and  17). 

7.1.2  Fundamental  Detection  Problem,  Theory 

The  fundamental,  or  eimpleet,  detection  problem  involvee  a  decielon  be¬ 
tween  two  elternntivee.  The  decision  is  baud  cm  the  receiver  input  that  occurs 
during  a  preulected  Anite  time,  and  takee  into  account  the  parnmetera  of 
the  nolu,  the  various  lignali  that  might  occur  and  their  relative  probabilities 
of  occurrence,  and  how  the  noiu  and  signal  combine.  The  receiver  (physic¬ 
ally,  this  includes  both  hardware  and/or  human  being)  then  processes  the 
receiver  input  and  yields  a  binary  output,  for  one  alternative  and  against  the 
other.  In  the  usual  detection  problem  the  two  alternatives  are  "There  was  a 
eignal  preunt,"  and  "There  wae  only  background  noiu  preunt  at  the  re¬ 
ceiver  input."  In  binary  communications  such  u  frequency  shift  keying 
(FSK),  the  two  alternativee  are  "The  incoming  eignal  was  at  the  Mark 
frequency"  and  “The  incoming  signal  was  at  the  Space  frequency." 

The  problem,  called  the  fundamental  problem,  has  two  assumptions  that 
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sn«k«  it  ■implo:  (1)  It  ii  tMumed  that  the  two  ■iternetive  d«cUIoi»«  nor* 
reepond  to  two  mutuelly  excluaiv*  uid  exhaustive  claseM  of  ctixaes,  and  (2) 
that  except  for  a  recalcitrant  set  whoso  probability  is  soro,  the  prolmMIlty  of 
occurrence,  or  the  probability  density  of  occurrence,  of  each  possible  re* 
ceiver  input  is  known  for  each  of  the  two  classes  of  causes.  Repeating  in  a 
little  more  depth,  the  first  assumption  is  that,  corresponding  to  the  two  pos* 
sible  alternative  decisions  to  be  made,  there  are  two  possible  classes  of 
causes,  or  simply  “causes".  This  is  really  the  origin  of  the  problem,  since  it 
assumes  that  one  is  Interested  in  a  binary  decision  because  there  were  indeed 
two  causes  to  be  distinguished  from  each  other.  In  order  to  make  any  sen¬ 
sible  decision  a  given  cause  (such  as  a  specific  signal)  must  belong  to  one 
class  or  the  other,  and  not  Jump  back  and  forth,  hence  “exclwiive".  The 
real  assumption  is  the  word  “exhaustive",  which  means  that  no  other  cause 
than  those  listed  in  the  two  classes  can  occur.  Thus,  if  one  is  trying  to  detect 
WWV  of  10  megacycles  in  the  presence  of  noise,  with  the  alternstive  cause 
being  Just  noise  alone— WWV  off  the  air— then  the  assumption  is  that  no 
other  transmission  is  operating  on  10  megacycles  for  that  period.  The  second 
assumption  means  that  the  situation  has  to  be  well  enough  specified  and  the 
random  parts  of  the  causes  be  sufficiently  stable  to  allow  specific  assignment 
of  probabilities.  The  actual  ntechanlcs  of  determining  these  probabilities  is  a 
.itajor  part  in  the  solution  of  any  specific  problem. 

For  the  moment  assume  that  one  hiu  a  specific  detection  problem  for 
which  the  above  assumptions  are  satisfied;  the  only  two  possible  causes  of  the 
receiver  input  are  noise  signified  by  N,  and  signal  plus  noise,  signified 
by  SN\  and  that  for  each  piocslble  receiver  Input  x(t)  the  probability  den- 
iltlee  are  known.  Specifically,  the  function  fK(*(t))  Is  the  probability  Entity 
that  x(t)  will  be  the  receiver  input  when  the  cause  is  noise  alone,  and  the 
function  les(x(i))  is  the  probability  density  that  x(t)  will  be  the  receiver 
input  when  the  cause  is  signal  plus  noise.  The  two  alternative  decisions  that 
the  receiver  (the  decision  device)  can  make  are  to  sound  the  alarm  A  that  a 
signal  wu  present,  or  to  conclude  that  no  signal  was  present,  no  if  or  B. 
When  the  actual  cause  is  noise  alone,  these  decisions  correspond  to  a  false 
alarm,  and  a  correct  no-alarm  respectively.  The  probabilitieii  of  tlrese  occur¬ 
rences  (conditional  to  the  cause  being  noise  alone)  are; 

Conditional  probability  of  false  alarm  =  Pn  ') 

-  j  Js(x{t))dx  (7-1) 

a 

Conditional  probability  of  correct-no  =  1  — Pk(A) 
where  the  integral  la  taken  over  ail  x(  1)  for  which  the  decision  device  reaches 
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I  the  dccUion  A.  When  tbe  actiuJ  uuw  of  tba  input  if  fignnl  and  aoUe,  the 

I  two  decisions  corrMpond  to  a  hit  and  a  mist,  and  the  prehat^itiw  of  these 

I  occurrences  (conditional  to  the  MUse  being  signal  and  noise)  are: 

I  Conditional  probability’  of  detKtion  ss  Pu(A) 

5*  r  /«if{*(0)rf*  (  -3) 

Conditional  probability  of  a  mlM  s  1  —‘P$ss(A) 

The  perfornuuKe  of  any  decision  device  operating  in  this  specific  detection 
problezn  can  be  tummariied  by  one  of  the  numbers  in  Eq  (7-1)  and  either 
the  bit  or  miss  probability  in  Eq  (7-3). 

If  these  two  nuribers  are  plotted  against  each  other  on  graph  p*per,  the 
point  is  called  the  “receiver  operating  point”,  and  the  total  of  ^1  such  points 
for  all  decision  devices  nuke  up  the  “receiver  operating  region”.  The  upper 
boundary  of  this  region  is  called  the  optimum  “receiver  operating  character- 


gfihghllHy  gl  Hrmt  -  Ng 


Csadlfigaitl  algfw 


Pwvi^z  7-t  The  Dettcllon  RCC 

istic”  (ROC)  for  this  specific  problem,  'rbesc  arc  sketched  in  Figure  7-1. 
Several  other  characteristics  about  the  detectiots  ROC  should  be  noted  before 
proceeding.  The  diagonal  inside  the  receiver  operating  region  correspond!  to 
equal  conditional  probabilities  of  false  alarm  and  detection,  that  is  the 
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prob«btl!ty  of  an  alarm  It  Independent  of  the  cause.  This  is  called  chance 
performance,  becauia  a  decision  based  on  a  random  selector  and  ind^wndent 
of  the  receiver  Input  could  achieve  this  type  of  perfornunce.  The  optimum 
ROC  has  been  shown  as  a  smooth  curve,  with  decreasing  (nonlncreaslng) 
slope,  and  the  operating  region  as  a  simple  convex  region  containing  the 
chance  diagoiud.  Both  of  these  characteristic.*!  can  be  proved  to  hold  in  all 
problems  under  very  general  assumptions,  but  the  proof  must  bo  omitted 
here. 

For  a  moment  let  us  concentrate  on  the  upper  boundary  and  why  it  is 
called  optimum,  Choose  any  operating  point  in  the  region  that  is  not  on  the 
upper  boundary.  Then  the  operating  point  on  the  upper  boundary  directly 
above  it  will  have  the  same  probabilities  when  the  receiver  input  is  due  to 
noise,  but  will  have  a  higher  probability  of  detection;  in  fact,  it  baa  the 
highest  probability  of  detection  that  can  be  achieved  at  the  specific  probabil¬ 
ity  of  false  alarm.  In  the  same  manner,  consider  the  (derating  point  on  the 
upper  boundary  that  is  horisontally  to  the  left  of  the  original  operating  point. 
It  has  the  same  detection  and  mla  probabilities,  but  lower  false  alarm  prob¬ 
ability  and  higher  correct-no  probability.  Both  of  these  upp^r  boundary 
operating  points  are  better  (at  least,  not  worse)  than  the  original  interior 
operating  point  under  any  definition  of  “better”  where  correct  responses  are 
advantageous  and  errors  are  disadvantageous.  Under  certain  types  of  (^ra¬ 
tion  where  bluffing  is  introduced  this  may  not  be  true,  but  if  such  intentionai- 
mistake  operation  is  ruled  out,  then  any  definition  of  optimum  will  take  on 
its  maximum  on  this  upper  boundary.  Any  receiver  whtJi  could  be  adjusted 
to  operate  everywhere  along  this  curve  would  truly  be  the  optimum  receiver 
for  this  detection  situation. 

As  throughout  this  discussion  of  detection  theory,  no  attempt  will  be  made 
to  give  proof  of  the  existence  of  this  optimum  receiver,  but  a  short  intuitive 
discussion  that  parallels  the  proof  will  be  given.  If  one  considers  all  decision 
processes,  all  receivers,  that  have  the  same  conditional  probability  Ps{^), 
one  Is  considering  all  ways  of  dividing  the  receiver  inputs  x{t)  into  two  sets. 
The  first  set  will  lead  to  an  alarm  A  and  the  second  set  will  net,  with  the 
restriction  that  exactly  enough  receiver  inputs  x(t)  are  in  the  alarm  set  so 
that  the  false  alarm  probability  is  the  desired  value 


Pf,(A)  —  y /.v(x('))  d*  =  preselected  value.  (7-S> 


The  corresponding  detection  probability  is 


-®fsr(rl)  =  jf  /iiw(k(<))  dx  =  J  dx 


(7-4) 
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Since  the  upper  boundary  h«s  the  maximum  value  of  Pis(,A)  that  can  be 
obtained  for  Uie  preselected  value  of  Ps(A),  it  must  correspond  to  a  selec¬ 
tion  of  alarm  set  A  for  which  the  bracketed  function  in  th!s  last  integral  is  as 
large  as  possible,  The  bracketed  function  is  a  function  of  the  receiver  input, 
and  is  called  the  “likelihood  ratio" 


I  (*(<))  = 


/jf(»(0)  J 


(7-S) 


The  optimum  receiver,  the  likelihood  ratio  receiver,  processes  each  input  in 
such  a  way  thut  the  receiver  output  Is  the  likelihood  ratio  of  the  input  wave¬ 
form — one  number  out  for  each  observed  waveform  in.  The  final  decision 
mechanism  of  the  receiver  is  a  comparltor  unit  that  gives  an  alarm  if  the 
Mkelihood  ratio  is  above  a  cut  level,  and  no  alarm  if  the  likelihood  ratio  is 
beiow  the  cut  level.  If  the  probability  of  the  likelihood  ratio  being  precisely 
at  the  cut  level  is  not  aero,  then  an  additional  mechanism  must  be  introduced 
to  apportion  these  occurrences  between  alarms  and  non-alarms  as  is  opera¬ 
tionally  desired.  For  a  speciflc  Pk(.A)  the  cut  level  is  adjusted  to  yield  that 
probability  of  alarms  when  the  input  is  caused  by  noise  alone,  and  the  re¬ 
sulting  probability  of  detection  will  be  maximised. 

Since  the  function  of  the  likelihood  ratio  receiver  is  that  it  partitions  the 
input  waveforms  according  to  high  and  low  likelihood  ratio  parts,  any  device 
whose  output  is  a  monotone  function  of  the  likelihood  ratio  would  perform 
an  identical  operation  if  the  cut  levels  are  set  to  corresponding  values. 

One  advantage  of  the  fundamental  detection  problem  is  that  problems 
formulated  in  terms  of  maximising  some  specihe  quantity,  suck  as  the  ex¬ 
pected  monetary  return  from  a  decision,  separate  into  two  parts.  The  opti¬ 
mum  processing  of  the  receiver  input  always  turns  out  to  bo  a  monotone 
function  of  likelihood  ratio,  because  one  always  docs  beat  by  operating  on 
the  upper  boundary  of  the  RCXl  region.  The  speciAc  quantity,  or  criterion, 
to  be  maximised  merely  speciAes  which  point  on  the  upper  boundary  to  use. 
Some  of  the  common  criteria  and  the  corresponding  (grating  points  are 
listed  below, 

1.  11)6  Weighted  Combination  Criterion:  that  criterion  that  maximises 
P  )  —tAPniA). 

Solution;  w  Is  the  likelihood  ratio  cutoff,  say  there  is  signal  present  If 

/  (*)  S  s*. 

3.  The  Neyman-Pearson  Criterion;  That  criterion  such  that  (I)  Ps(A)  ^  k 
with  maximum  PasiA)  over  all  criterion  satisfying  (I). 

Solution:  The  likelihood  ratio  cutoff  /3  s^t  such  that  Ph(A)  =  k. 
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8.  Seibert ’•  Ideal  Observer:  That  crlterhn  that  minimiies  total  error. 

Solution:  Likelihood  ratio  cutoff  =  P{N)/P(SN),  the  ratio  of  a  priori 
probabilities. 

4.  Expected  Value  Observer:  That  criterion  that  maximises  the  total  ea* 

pected  value,  where  the  Individual  values  are:  Vot  the  value  of 
detection;  Vu,  the  value  of  a  miss;  the  value  of  peace  and 
quiet;  Vr,  the  value  of  a  false  alarm.  (It  Is  auumed  that  these 
latter  two  are  less  than  the  fornner  two.) 

P{ty)  Vc-V^ 

Solution:  Likelihood  ratio  cutoff  = ———  — - 

P(SN)  Vit-Vm 

5.  Minimum  Risk  Criterion:  Let  Vf—  rn,  the  risk  when  .V  Is  the  cause, 

and  let  Vh—Vd  =  r«j,,  the  risk  when  SN  is  the  cause.  Mini¬ 
mise  the  average  risk,  R  —  P(SR)  rgM  -f  P(N)  ru. 

P(N)y/7^ 

6.  Infornuition  Observer:  That  criterion  that  maximises  the  reduction  in 

Uncertainty  (Shannon  Sense)  as  to  whether  a  signal  was  sent 
or  not. 

Solution:  The  cutoff  is  the  solution  to  the  equation 

P(N)  log />„(,, (iV)  -logR4(S)(Ar) 


Solution;  Likelihood  ratio  cutoff  = 


P(SN) 

where  B  means  not  A . 

7.  Maximum  a  posteriori  Probability;  Not  a  criterion,  but  the  best  estimate 
of  the  probability  that  a  signal  plus  noise  was  the  proceu  after 
the  observation  x(t). 


P,(SN)  = 


I  (a)  P(SN) 

■T(iT7wr-rr^^^7(5i!vr 


To  iummariic  the  th(»ory  of  the  fundamenu!  detection  problem:  all  deci¬ 
sion  devices  can  be  evaluated  by  considering  the  resulting  operating  point  or 
operating  curve  on  the  ROC;  the  optimum  decision  devices  are  based  on 
likelihood  ratio^  and  operate  on  the  upper  boundary  of  the  operating  region 
on  the  ROC;  spec! Ac  operating  points  on  the  optimum  operatiVag  characteris¬ 
tic  arc  dcternilned  by  speclAc  operating  criterion. 


7*1,3  Fundamental  Delet^tion  Problem,  AppHcationa 
The  essence  of  the  theory  is  that  the  designer  is  assumed  to  know  so  much 
about  the  environment  and  the  signals  that  are  to  be  detected  that  he  can 
actually  specify  how  frequently  various  waveforms  will  occur.  This  is  all 
wrapped  up  in  the  assumption  that  the  probability  densities  /^(x(0)  itnd 
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fiK  (*(0)  known.  By  tMuming  varying  dcgrcM  of  uncertainty,  or  ran* 
domnew,  in  the  specification  of  the  signals,  and  assuming  various  types  cf 
noise,  the  collection  of  solutions  for  special  casM  has  grown  over  the  past 
several  years.  If  one  desires  specific  results,  he  should  look  through  the  issues 
cf  the  TnntMiiont  of  th$  ProfnHetMl  Group  on  Informttion  Tktory  of  the 
ISE,  and  the  technical  reports  of  laboratoriM  working  in  this  area.  Ihe 
general  results  are  briefly  summarised  here. 

The  likelihood  ratio  receivers  fall  into  two  categories.  Those  in  the  first 
category  look  remarkably  like  conventional  receivers.  Most  of  the  pulse  radar 
problems  fall  into  this  category.  The  reason  for  this  is  twofold:  the  aseump* 
tion  of  stationary  gaussian  noise  which  is  roughly  white  over  the  frequencies 
of  interest  coupM  with  a  fairly  well  specified  signal  means  that  the  logarithm 
of  the  likelihood  ratio  is  proportional  to  the  cross^orrelatlon  of  the  return 
and  the  signal,  or  some  average  of  this  croes-corrriatlon  over  r>f  phase,  time 
of  return,  etc.;  for  pulse  or  other  short  duration  locaMn-frequency  signals,  the 
cross-correlation  can  be  mechanised  by  iMssive  filtering,  and  tlie  averaging 
accomplished  by  video  filters,  CRT  •)<  .««;  i  persistence,  or  similar  common 
methods.  Receivers  in  the  second  categ-.rv  took  like  special  purpose  digital 
computers.  These  result  when  the  or  the  noise  is  of  a  more  exotic 

(realistic?)  typo  than  for  the  first  category. 

The  efficiency  of  the  likelihood  ratio  receivers  drops  as  lees  is  known  about 
the  signal,  and  parameters  are  assumed  to  be  random  variables.  This  loss  in 
efficiency  is  most  pronounced  at  low  energy  levels,  and  usually  is  ne^iglbie 
at  very  high  energy  levels.  By  studying  a  scries  of  such  special  cases  where 
leu  and  leu  is  auumed  known  about  the  signal,  one  can  gain  a  theoretical 
insight  u  to  the  importance  or  unimportance  of  knowledge  of  the  various 
signal  parameters.  Such  a  general  insight  ntay  be  the  most  useful  application 
of  the  theory,  especially  when  the  actual  physical  problem  Is  too  rough  'or 
direct  solution,  and  the  simplifying  auumptions  necessary  to  make  the 
problem  solvable  were  so  strong  thst  the  resulting  “ideal”  receiver  would  fail 
to  operate  in  the  physical  environment. 

Wlien  situations  are  being  studied  in  which  the  signal  can  be  specified  to  a 
high  degree  of  certainty,  and  the  interference  can  be  iq^ecified  accurately,  the 
direct  application  of  the  statistical  analysis  may  diKlose  new  equipment  tech¬ 
niques  thst  can  be  used  to  construct  highly  efficient  receivers.  In  general, 
however,  such  a  mathematical  analysis  can  yield  only  guidelines,  and  some 
degree  of  structuring  and  ordering  to  the  complex  physical  problem  of  opti¬ 
mum  design. 

7.1.4  Other  Detection  Problems 

Two  other  areas  in  detection  theory  must  be  mentioned.  These  are  the 
multiple  decision  problem,  and  sequential  detection. 
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In  theory,  the  mulUpSe  decision  problem,  deddini  which  of  a  epecifled 
number  of  mutuatly  exclusive  and  exhaustive  causes  was  the  true  cause  of  an 
obeetrvatlon,  is  not  much  more  difficult  than  the  fecial  case  of  two  causes 
discussed  as  the  fundam'^ntal  problem.  When  there  were  two  causes  and  two 
alternative  responsee,  there  were  four  combinations  of  these.  However,  only 
two  “relevant’'  probabilities  were  considered,  Ptii(A)  for  detection  and 
Ph(A)  for  false  alarm,  since  the  other  two  can  be  determined  from  these.  The 
relation  between  these  two  formed  an  ROC  plot,  and  all  criteria  for  “best” 
tell  on  one  opti  num  curve.  When  one  has  a  possible  causes  and  n  possible 
responses,  there  are  combinations  and  these  reduce  to  only  a*>a  relevant 
probabilities.  Either  some  qaclal  deflnition  of  “best”  is  assumed,  such  as 
Isast-squared-error,  or  ail  errors  are  equally  bad,  in  order  to  simplify  the 
processing  of  the  observation  required  of  tlvi  receiver,  or  the  resulting  term 
of  the  receiver  is  a  or  a>l  parallel  processors  feeding  into  a  cornparitor  device 
to  arrive  at  the  final  decision.  Thus,  the  esKntial  simplicity  of  the  fundamen* 
tal  problem,  one  input,  one  output,  Is  imnsediatcly  lost  in  the  step  from  two 
cauMs  to  three.  This  increases  the  tendency  of  the  receivers  to  be  specified 
as  special  purpose  digital  computers. 

S^uential  analysis  (References  31  and  32)  be  applied  to  both  the 
two-cause  and  the  multiple-cause  problems.  The  idea  is  that  for  the  two- 
cause  problem,  three  sltematlve  responses  can  bo  made,  the  new  response 
being  a  non-terminal  decision  to  obtervt  further.  This  Is  ideally  suited  for 
situations  in  which  the  signal  continues  in  time,  and  for  which  a  saving  in 
time  necessary  to  reach  a  certain  quality  of  decision  is  good.  In  such  situa¬ 
tions  the  actual  duration  of  observation  va  let,  but  often  averages  only  at 
half  the  value  necessary  for  a  preselected  observation  time.  Occasional  very 
long  observatlona  aleo  occur. 

These  extensions  of  decision  theory  have  been  touched  here  to  remind  the 
reader  of,  or  alert  him  to,  their  existence.  This  it  not  meant  to  slight  in  any 
way  the  extensive  work  done  in  this  area.  Almost  all  of  this,  as  well  as  the 
work  on  the  fundamental  problem,  It  available  in  the  unclassified  literature. 
The  Intent  here  hat  been  to  paint  the  held  of  detection  with  a  very  board 
brush  to  give  the  reader  some  fee!  for  tliS  field. 

7f2  Malhods  of  Signal  Analysis 

The  main  purpose  of  this  section  is  to  discuss  briefly  those  methods  of 
mathematical  signai  analysis  that  have  been  used  in  the  past  in  various 
fields,  including  electromagnetic  (EM)  reconnaissance.  The  methodr  dis- 
cus.sed  can  be  instrumented,  although  In  most  cases  a  human  observer  is 
required  for  interpreting  tlie  results  of  measurement.  Ey  using  different 
physical  npparatus  the  observer  can  obtain  a  di Cerent  and  sometimes  con- 
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dested  represenUtiou  of  ain  analysed  aisnal.  Certain  slgniflcant  aifna!  proper¬ 
ties  may  appear  In  practice  more  clearly  In  one  reprefientation  than  in  another. 
It  is  not  the  purpose  of  this  section  to  discuss  the  possibility  of  integratinK 
these  methods  into  the  practical  realisation  of  an  unattended  sl|nal  analyser 
system. 

7.2.1  Deeompoaitlon  ot  Signal  Clisa 

The  signal  at  the  input  to  the  receiver  will  have  the  generalised  functional 
form, 

e{t)  =  A{t)  cos  »{t)  (7-6) 

where  A  (t)  ss  amplitude  modulation  (AM)  function 
0  (t)  ss  angle  modulation  function 
In  Eq  (7-6)  when  d(0  =  d,  =  constant  and 

0(t)  =  0,{t)  =  2w  f[l  +  F,  it)  ]  Udt 

u 

'=  2^ [  J 

we  have  pure  frequency  modulation  (FM).  When 

0it)  =  0,it)  =  2r  lA  +  -^  -!-  CF,it)  J  (.'-3) 

we  have  phase  modulation  (PM).  In  £q  (7-6),  (7-7)  and  (7-8), 

Ff  it)  =FM  inteiligenca 
Fp  (0  =PM  intelligence 
f,  =  carrier  frequency 

»  =  constant  phase  angle 

4» 

C  proportionality  constant 
/lo  amplitude  of  carrier 
A{i)  =  AM  function 

When, 


^0  1 


•4 


0(t)  =  2r 


(7-9) 
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we  have,  pure  AM.  A  devise  Staving  a  linear  frequency  renpoose  will  give 
an  output 


£,(/)=/,  y'F(f>* 

I, 

when  FM  li  fed  into  It  and,  when  PM  it  fed  into  it  we  have, 


(MO) 


(0=MF(f)  (7-11) 

Hence,  this  device  will  reapond  to  both  FM  and  PM,  However,  in  order  to 
recover  the  exact  modulation  in  FM  the  output  in  Eq  (7-10)  muit  be  differ¬ 
entiated.  Thli  requirei  a  Alter  whoae  ipectrum  increasee  linearly  with  fre¬ 
quency.  For  the  purpoee  of  EM  reconnaliaance  we  can  group  FM  and  PM 
into  one  ciasiiAcation  and  call  it  angle  modulation.  The  most  general  type 
of  received  lignal  will  hsivs  the  functional  form, 


e(0  =  A{t)  co« 


where  for  FM 


(7-12) 


/(O 


(7-13) 


and  for  PM 


“  MF(,t) 

Eq  (7-12)  is  the  generalized  methematical  representation  of  "  transmit'ed 
signal.  If  we  neglect  disturbances  in  the  communications  link  between  trans¬ 
mitter  and  intercept  receiver,  then  Eq  (7-12)  is  the  generalized  mathematical 
form  of  the  signal  at  the  antenna  input.  In  Eq  (7-12)  it  Is  seen  that  the 
received  signal  can  be  represented  symbolically  by  a  four-dimensional  point, 

«(0  =  j  <4(0./r,tfo,/{<)  j  (7-14) 

For  completeness,  we  should  also  Include  the  space  time  coordinates  of  the 
source  relative  to  the  receiver  as, 
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r=  j  j  (7.!5) 

(7  if  the  time  at  which  aignal  ia  received.)  All  the  InformaUcn  that  can  be 
obtained  in  EM  reconnaiaunce  from  a  aingle  obaervation  can  be  repreaented 
by  an  eight*dimenaionaI  perameter  point.  That  h,  there  are  eight  domaina 
from  which  Information  can  be  extracted.  In  KM  reconnaiiMince,  the  arbi* 
trary  carrier  pbaae  angle  ia  generally  of  no  intereat.  Hence,  we  have  a 
aeven>dimenaiona!  parameter  point. 

e,.(0=  \A{t),U,!{t),v\  (M6) 

which  reprcaenta  all  the  information  at  the  tranamitter  which  ideally  exiata 
at  the  receiver.  Phyaical  and  practical  constrainta  at  the  receiver  permit  only 
a  portion  of  the  information  to  be  extracted.  However,  we  empha-iiae  again 
that  the  detaiied  time  atructure  of  each  intercept  ia  of  no  intereat  in  EM  re> 
connaiaaance  unleas  a  priori  Information  exiata  which  Juatiilea  auch  an  analy* 
aia. 

The  function  of  the  EM  reconnaiaaance  obaervation  ia  to  operate  on  e  pCO 
in  such  a  way  ao  aa  to  extract  the  required  information  in  an  optimum  mnn- 
ner  relative  to  a  aet  of  phyaical  and  practical  conatrainta  impoaed  on  the 
obaervation  and  relative  to  the  a  priori  information  that  ia  available  to  the 
obaerver. 

Fur  the  purpose  of  our  diacuuion,  r  la  asaumed  constant.  We  also  ^?r.cme 
that  the  receiver  ia  tuned  to  aome  fixed  carrier  frequency  /« and  that  it  hna  toe 
ability  to  reproduce  the  modulation  functions  A(r)  and  /(0>  Thus,  in  the 
nurpoae  of  this  discuuion,  we  postulate  that  f,  and  T  are  Axed  points  in  our 
space  and  that  obaervatioru  must  be  made  hrat  to  determine  if  there  is  signal 
presen*  at  the  Axed  coordinate,  and  if  so  what  the  propertiea  of  the 
intercept  are. 

The  methods  of  detecting  the  presence  or  absence  of  a  carrier  are  diiKusaed 
in  the  earlier  portion  of  this  chapter.  This  leaves  the  problem  of  measuring  the 
aigniAcant  properties  of  the  modulation  signals.  However,  a  aignsL^  snalyaer 
system  is  not  entirely  independent  of  its  receiver  nor  is  the  receiver  in  Jepend' 
ent  of  the  signal  analyser.  For  example,  the  receiver  noise  and  bandwidth  put 
physical  limitations  on  the  statistical  uncertainties  with  which  meascrementa 
can  be  nude.  Furthermore,  if  the  receiver  has  sufficient  frequency  rraolution 
so  that  the  probability  of  more  than  one  aignal  in  a  band  ia  very  small  then 
there  is  no  need  for  multiple  signal  separation  on  a  video  basis  by  the  nu- 
alyser.  Alsu,  unity  probability  of  intercept  by  the  receiver  doe;  i.ot  mean 
that  there  ia  unity  probability  of  analysis  by  the  analyzer. 
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We  AMume  that  the  pretence  of  a  carrier  has  been  detected  at  a  given 
frequency  /«  and  at  a  given  coovdinate  of  space  time,  (r,r).  The  next  most 
logical  operation  ii  to  study  the  properties  of  the  envelope  and  of  the  angle 
modulation.  In  particuiar,  we  would  like  to  know  if  there  exists  envelope 
moduiatlon,  or  FM  or  perheps  both,  i.c.  we  wish  to  know  if, 

A  (t)  =:  Ag=  a  constant 

c=  a(0  =  time  varying  function  (7-17) 

for  the  case  uf  AM  and  for  the  case  of  angle  modulation 
/  (0  =  /<  =  constant 

z=  F  {t)  =  time  varying  function  (7-18) 

In  order  to  extract  this  information,  we  must  be  able  to  define  one  or  more 
physical  operators  which  yield  a  set  of  numbers  from  which  the  truth  of  the 
statements  cun  be  deduced.  That  is  we  define  two  operators  Rjt  on  A(t)  and 
R/  on  f(t)  which  yield  the  following  results; 

R,4[^(<)]=A4  (M9) 

Rni(t)]=\,  (7-20) 

Then,  the  results  of  meuuring  the  presence  or  absence  of  AM  or  FM  mod¬ 
ulation  can  be  expiessed  as; 


and 


CiA.,,/(A.<)]  =  1 
=  0 


C[A„/(A,)|  =  1 
~  0 


lA.,  €/(A4)J 
(A4#/(A4) 


((A,f/(A,)] 

lAr#/(A,)l 


(7-21) 


(7-22) 


Eq  (7-21 )  states  that  AM  modulation  is  present  if  the  results  of  the  operator 
Ra  Is  an  element  of  the  Interval  /  (A^)  and  AM  l.s  not  present  if  this  i.s  not 
the  case.  A  .similar  interpretation  is  given  to  Eq  (7-22).  We  assume  that  these 
measurements  urc  simultaneous.  All  the  |H>ssible  results  of  measurement  are 
(Icflncd  by  u  two-digit  binary  number.  For  example,  the  binary  number  10 
implies  the  presence  of  AM  and  the  absence  of  FM  while  01  implies  the 
presence  of  FM  and  absence  of  AM.  Similarly  the  binary  number  11  Implies 
the  presence  of  both  AM  and  FM  whil  00  implies  the  absence  of  both. 
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If  it  ii  eitablished  that  envelope  or  angle  modulation  (or  both)  U  present 
then  it  is  necessary  to  decompose  the  class  of  cnvelc^  modulated  and  angle 
modulated  signals  further  by  defining  more  operators.  However,  from  this 
point  on  the  operations  on  the  intelligence  signals  A(t)  or  F(t)  can  be  the 
same.  This  should  be  clear,  since  both  represent  the  intelligence  that  wu 
transmitted,  i.e.  the  same  intelligence  can  be  transmitted  by  varying  either 
the  frequency  or  envelope  of  the  carrier.  In  EM  reconnaissance  we  establish 
which  parameter  of  the  carrier  is  modulated  by  the  operators  R/.  How¬ 
ever,  beyond  this  point  we  may  operate  on  the  intelligence  received.  The 
operations  should  Independent  of  the  t>’pe  of  r-f  carrier  modulation  used. 

Let  us  assume  that  it  has  been  established  that  envelope  modulation  A  (t) 
is  present.  The  next  appropriate  question  is  whether  the  modulation  is  pulsed 
or  c-w.  We  can  express  this  meuurement  operationally  by, 

(0  =  A,  (7-25) 

The  result  of  measurement  as, 

=  I  (A,«/(Aj)J 

=  0  (A,^/(A,)]  (7-24) 

Eq  (7“24)  states  that  if  the  result  of  an  operation  on  the  signal  A  (f)  yields 
Ai  belonging  to  the  interval  I  (At)  then  c-w  io  present  and  if  the  result  Is  not 
a  member  of  /  (At),  then  c-w  is  not  present  or  a  pulse  signal  is  implied.  The 
operator  12 1  can  be  described  as  a  measurement  of  duty  ratio.  If  it  is  estab¬ 
lished  that  the  carrier  is  pulsed,  then  it  appears  reasonable  to  decompose  the 
class  of  pulse  signals  into  subclasses  such  as  PCM,  FAM,  PWM,  PPM  etc. 
Ail  of  these  properties  must  be  defined  precisely  by  a  phyeical  meuurement 
whose  operational  representation  hu  the  same  functional  form  u  Eq  (7-23) 
and  (7-24). 

EiLch  subclass  of  signals  can  be  decomposed,  at  leut  in  principle,  until 
there  remains  only  one  member  In  each  class.  Once  this  has  been  accompll.shcd 
the  structural  information  of  ail  the  possible  intercepts  is  known.  The  very 
large  number  of  signals  encountered  in  EM  reconnaluance,  make  it  Imprac¬ 
tical  to  store  ail  the  detailed  characteristics  of  the  signals.  In  must  cases  even 
if  this  Information  were  available  an  observer  could  not  hope  to  assign  a  dis¬ 
tinct  meaningful  event  or  cause  to  each  signal  received.  Relatively  broad 
categories  are  a  significant  starting  point.  The  problem  of  deHning  other  oper¬ 
ators  with  respect  to  a  subclass  of  signals  is  simpler  than  defining  them  on  the 
entire  class  of  signals.  Although  the  operations  are  discussed  sequentially, 
they  can  be  applied  simultaneously.  The  imiiortant  problem  Is  to  establish 


7«16 


ELECTRONIC  COUNTERMEASURES 


A  «ct  of  m«aiurementt  or  obiervAble*  th«t  are  Rtaanlnsful  with  resptct  to  the 
hypotheMS  that  are  to  be  teited  and  with  reipect  to  laaC  a  pHoH  informfttion 
availible.  In  the  next  section  we  examine  some  physiciil  operations  which  de* 
fine  the  signal  claues  dlKUSsed. 

7.2.2  Low-Order  SUiUalical  Slgnei  Analysis 

In  terms  of  the  genera!  ideas  presented,  we  can  define  a  ^low-order'^  auto*' 
matic  statistical  analyzer  system  for  order-of-battle  EM  reconnaissance.  The 


Fxousb  7-S  Functional  Block  Dlszram  of  Low-Order  Autonsatlc  Signtl  Analyser 

reader  may  visualize  an  actual  equipment  such  as  tbrt  shown  in  Figure  7^i. 
For  low-order  analyslf  it  is  essential  to  define  few  but  significant  subsets  into 
which  the  class  of  all  signals  can  be  decomposed.  It  Is  important  to  choose  a 
physical  observable  which  is  significant  for  the  purpose  of  realizing  this  type 
of  classification.  There  is  no  unique  way,  in  the  mathematical  sense,  of 
making  this  choice.  The  observer  based  on  a  pfiofi  information  available  to 
him  must  decide.  The  physical  process  of  making  the  measurement  is,  in 
principle,  capable  of  g  mathematical  definIHon. 

Let  us  Illustrate  thia  important  point  with  an  example.  Consider  the  prob¬ 
lem  of  detecting  a  mluile  In  space  by  means  of  a  pulsed  radar.  The  fact  that 
a  measurement  at  the  receiver  indicating  a  signal  return  implies  a  missile,  is 
a  definition  established  a  priori  by  the  observer  based  on  information  avail¬ 
able  to  him.  However,  the  problem  of  recognizing  the  presence  or  absence 
of  a  pulse  signal  in  the  noise  involves  a  physical  measurement  which  can  be 
formulated  mathematicany.  An  optimum  and  automatic  method  of  per¬ 
forming  the  measurement  and  of  deciding  whether  signal  is  present  in  the 
noise  or  not  can  be  realized. 


DETECTION  AND  ANALYS.  OF  SIGNALS 


M7 


Similarly,  a  measurement  indicating  that  a  received  Intercept  is  pulsed  of 
constuit  amplitude,  width  and  prf.  Is  a  physical  measurement  and  hence 
capable  cf  mathematical  definition,  However,  the  conclusion  that  the  source 
of  the  signal  is  a  radar  Is  not  (»pable  of  mathematical  definition.  This  comes 
about  as  a  result  of  a  corres^iondence  established  by  tbs  observer  between 
this  type  of  signal  and  a  given  radar  system.  Another  observer  having  dif¬ 
ferent  a  priori  knowledge  can  conceivably  assign  to  ibe  origin  of  this  signal 
another  source  based  on  the  same  data.  We  therefoic  conclude  that  in  EM 
reconnaissance  as  well  as  in  all  physical  mcuurements  there  are  essentially 
two  sets  of  operations,  one  of  which  is  chosen  so  as  to  relate  a  set  of  proper^ 
ties  to  certain  events  or  situationi!  while  the  other  deals  with  the  best  way  of 
processing  the  measured  data,  in  order  to  make  correct  decisions. 

We  now  proceed  to  define  a  physical  observable  which  contains  informa¬ 
tion  on  modulation  properties,  l^t  x  =  (xi}  f  =  1,  3, . . . ,  N  be  a  .sequence 
of  positive  samples  that  ere  measured  on  some  property  of  a  signal.  For 
example,  the  sequence  (Xi)  could  repreaent  a  meuurement  cf  the  sample 
values  of  a  c-w-AM  carrier,  or  the  pulsewidtb  intervals  of  a  pulsed  carrier, 
or  the  time  between  pulses  of  a  puiKd  carrier,  etc.  We  define  the  new  se¬ 
quence  of  {N  —  i)  samples. 


*♦  +  *(•! 


(7-2!) 


^  0  for  all  1;  f  =  1,2 . N. 

The  sequence  (yt)  has  the  following  desirable  properties  whether  the  {xu 
are  sUilstlcally  independent  cr  not: 
a)  yszF  (*)  =  F  {ax)  ; 

(y  is  independent  of  a  scale  factor  on  s) 

E{y)  =  llm  2y,  =  0 
/r-*o  N  (Si 

(The  average  value  of  y  is  aero) 


c)  ~~lSiySSlfor0^x 

(The  semi-infinite  range  of  x  has  been  compressed  to  the 
interval  (  —  1,1).) 

d)  For  the  case  where  x  is  normal  and  the  (xi)  arc  pairwise  independ¬ 
ent,  the  probability  density  function  of 
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r(r)  =. 


/E(0)  R(f)y»  r  R(^  R(r) 

a*  u*  !  u*  u* 


!s  normal  with  mean  sero  and  unit  standard  deviation. 
(0)  =  =  mean  square  value  of  variable  x 

R  (r)  =  autocorrelation  function  of  a  (/) 
r  =  ~  =  sampling  period. 

fA  ss  mean  value  of  a 
Therefore, 


»  ... 
m  z=z-'—Tzz  rms  percent  modulation. 


(7*26) 


(7-27) 


The  value  at  which  /<  (r)  is  evaluated  depends  on  the  sample  ^)acing. 
When  R  (r)=  0,  (r  >  0)  the  sampling  is  independent.  Then, 


y  (7-28) 

^  m 

Thus,  the  parameter  of  the  distribution  P  (y)  is  the  rms  percent  modula¬ 
tion  m  and  the  statistic  y  has  the  desirable  properties  for  studying  the  modu¬ 
lation  characteristics.  For  the  case  where  the  statistics  of  x  are  not  gitusslan 
and  pairwise  Independent,  the  neasurement  of  y  is  still  significant  except 
that  the  analytical  difficulties  in  calculation  are  insurmountable.  When  all 
samples  have  the  same  values  the  elements  of  are  all  sero,  as  required. 
This  autistic  yields  some  Information  about  the  order  of  the  samples.  Sign 
information  in  (y*)  could  also  be  useful  for  recognising  monctonlc  type 
modulations  such  as  a  VT  fuse  approaching  the  intercept  receiver,  fading 
characteristics,  etc. 

This  statistic  can  be  Incorporated  into  a  low-orrier  analyzer  system  to 
Indicate  the  presence  or  absence  of  a  given  type  of  modulation.  For  example, 
if  (x,l  represents  the  pulsewidth  intervals  of  a  pulse  signal,  then  (y,) 
represents  the  pulsewidth  to  pulsewidth  fluctuations.  A  similar  measure¬ 
ment  on  amplitude  will  indicate  if  there  is  amplitude  modulation  present. 
If  the  {yi}  are  computed  on  pulsewidth,  pulse  amplitude  and  pulse  repeti¬ 
tion  period  and  If  each  (y.)  Is  then  quantized  to  two  levels  then  it  is 
possible  to  detect  eight  combinations  of  modulations.  The  more  levels  into 
which  the  (yO  ure  quantized  the  more  complex  the  system. 
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7(2*3  SIfa/jd  AnalyiU  By  Statlnticid  Methodi 
The  signal  intercepU  at  the  output  of  c  reconnaissance  receiver  can  best 
be  described  by  statistical  methods.  Receiver  noise  (plus  other  non- removable 
disturbance)  even  when  combined  with  n  deterministic  signal  such  as  a 
sine-wave  of  known  amplitude,  frequency  and  phase,  yield  an  output  function 
which  can  only  be  described  statlsticallyi  Another  important  fact  is  that  in¬ 
formation  generating  procei^es  are  inherently  statistical.  For  example,  the 
basic  sounds  in  speech  have  certain  probabilities  of  occurlng  with  respect  to 
other  sounds.  In  principle,  all  of  the  probabilities  can  be  obtained  by  per¬ 
forming  a  sufficiently  large  number  of  experiments. 

When  a  statistical  process  is  at  work,  all  of  the  information  about  the 
process  is  contained  in  an  inAnite  number  of  probability  distributions  of  all 
orders.  It  X(t)  is  a  typical  member  of  an  ensemble  of  random  variables 
then  the  mth  order  distribution  function,  describing  the  process  is  given  by 
(Reference  2): 

(7-29) 

That  is  at  time  we  sample  all  of  the  members  of  the  ensemble  and 
choose  those  which  take  on  a  value  less  than  JVi.  From  these  remaining 
members,  we  choose  only  i:hQse  which  take  on  a  value  less  than  X^  at 
From  the  remaining  members  we  choose  only  those  that  take  on  the 
value  leu  that  X$  at  tzzig,  etc.  The  relative  number  that  remains  gives  the 
probability  of  the  Joint  event  exprersed  symbolically  In  £q  (7-29). 

From  this  brief  dcKriptlon  It  is  clear  that  a  m.a3urement  of  any  distri¬ 
bution  of  order  greater  than  one  becomes  extremely  complicated  since  the 
number  of  combinations  of  distinct  measurements  become  very  large.  Fur¬ 
thermore,  except  ^or  the  gausaian  process,  where  all  orders  of  distributions 
c&n  be  obtained  analytically,  it  Is  extremely  difficult  to  obtain  usable 
mathematical  expressions  for  the  high-order  distributions.  These  serious  limi¬ 
tations  (both  experimental  and  analytical)  force  us  to  simpler  methods  of 
describing  statistical  processes.  The  methods  are  incomplete  of  cour.se,  but 
are  sufficient  for  most  practical  purposes  encountered  In  communications. 

The  two  most  important  descriptions  of  a  statistical  process  are  the  first 
order  dlstiibutlons  in  conjunction  wi'th  the  power  density  spectrum  or  its 
equivalent  the  autocorrelation  function.  The  first  order  distribution  gives 
only  the  distribution  cf  sample  values  and  contains  such  important  physical 
observables  as  the  mean  value  (or  d-c  value)  of  the  function  and  the  mean- 
square  value  (or  the  power)  contained  in  a  signal.  The  power  density  gives 
the  frequency  distribution  of  the  power  In  the  signal.  The  autocorrelation 
function  Is  the  lime  equivalent  of  the  power  density  spectrum.  These  func- 


7-20 


ELECTRONIC  COUNTERMEASURES 


tions  represent  a  speciftc  statistic  oi  the  second  order  distribution  and  in 
general  do  not  completely  specify  the  second  order  distribution.  From  a 
practical  signal  analysis  point  of  view  it  is  convenient  to  look  at  the  same 
thing  in  two  different  ways  and  hence  measurements  of  the  power  spectrum 
and  autocorrelation  function  might  be  desirable.  Certain  signal  properties 
might  also  appear  more  readily  on  one  of  the  representations. 

There  are  two  basic  assumptions  about  the  class  of  signals  which  must 
be  made  clear  in  order  to  be  able  to  apply  the  statistical  theories  to  physical 
problems.  Fortunately,  these  assumptions  are  salltAed  reasonably  well  for 
the  clau  of  signals  which  we  encounter.  First,  we  assume  that  the  statistical 
processes  we  deal  with  are  stationary.  For  example,  the  probability  distribu¬ 
tions  of  all  orders  remain  invariant  under  a  time  translation  of  the  random 
process.  The  second  postulate  is  the  "ergodic  hypothesis”.  That  Is,  we 
assume  thst  statistical  tverages  over  the  memberi  o'  the  ensemble  are 
equivalent  to  time  averages  over  a  typical  member  of  the  ensemble.  Without 
this  assumption  we  could  not  perform  statistical  mcuuremcnts  in  EM 
reconnaissance  since  we  encounter  only  typical  members  of  various  ensembles. 
As  a  consequence  J  the  ergodlc  hypothesis  we  can  also  subdivide  a  given 
signal  into  sufficiently  long  subsections  each  of  which  has  approximately  the 
same  statistics.  (We  can  therefore  generatw  or  approximate  an  ensemble  from 
a  long  observation  of  a  typical  member).  It  follows,  that  If  observations  are 
taken  aufflciently  far  apart  in  time  the  sample  values  are  almort  statistically 
independent. 

Let  AC/jr^be  an  operate,  on  a  typical  member  ot  a  stationary  ergodic 
ensemble  of  functions  such  that, 

AC;r^  [/(<)!  =  AC,r  (0  =  1  for  all  f  for  which  </(<)S.V( 

=  0  for  all  other  <  ( 7-30) 


Then, 


AAf^O  =  llm  AAi(7')  =  llm  f  \gx  (0  dt  (7-31) 

T-*o  r-»o  J  Q  ' 

where  AA(jY^i)  is  the  theoretical  prob.ibliity  that  a  sample  X  of  /(/)  will 
be  In  the  interval  (X'm,  Xi).  If  we  quantize  the  entire  range  of  /  (i)  into  N 
intervals,  then  we  obtain,  the  discrete  probabilitjir  density. 


j  AA(X,)  j  <=  1,2,  ...,fV 
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iitich  that, 


If 

I  =  1  (7-32) 

im  I 

By  the  proper  limit  proceu,  we  car  go  from  the  diicrete  dentity  to  the  con- 
tinuou*  probebillty  detuity  if  /(<)  hu  the  appropriate  matliematical  prop- 
ertiea. 

The  empirical  diitribution  which  U  the  one  measured  experimentally  is 
simply  the  set  of  numbers,  {AA«(r)}f=:l,  2, .  ,N  such  that, 

N 

I  A.V  (D  =  !  (7*33) 

(h  I 

At  a  given  set  of  defined  quantisation  levels,  the  empirical  distribution  will 
(jnverge  to  the  theoretical  distribution  aimost  always.  For  the  case  wbra- 
the  function  of  /(<)  is  sampled  at  discrete  time  points  we  obtain  for  tli* 
probability  the  expression  equivalent  to  Eq  ( 7-3 ! )  or, 

,  * 

AK(Xi)  =  11m  AA<(A)  =  Hm  -4-  I  AC,  (tj)  (7-34) 

^-*•0  K-*D  X  y*,  t 

Therefore,  the  meuurement  of  the  first  order  distribution  requires  quantisa¬ 
tion  of  the  range  of  the  variable,  sampling  (discrete  or  continuous)  and 
counting  (suinmctlon  or  integration).  These  measurements  can  be  made  by 
an  on-the-spot  analyser  and  generally  yield  a  significant  amount  of  informa¬ 
tion,  in  particular  when  the  shape  of  the  distribution  is  preserved.  The  order 
of  the  sample  values  is  not  preserved.  However,  this  nteasurement  can  be 
made  on  puisewidth,  pulse  amplitude,  prf  and  for  that  matter  at  the  output 
of  any  linear  or  nonlinear  operation.  Figure  7-3  la  a  block  diagram  of  a  fir^t 
order  probability  density  function  aruilyser. 

The  autocorrelation  function  of  a  stationary  ergodic  proem  is  given  by 
Reference  2. 


_ _  I  /-r 

^«(t)  =  .Y(0Jf(r-f  r)  =  11m  -5^  /  Xit)X(t  +  t)  dt  H  3S) 

“*  t 

where  -j-  t)  is  the  ensemble  average.  This  function  vrhich  Is  a 

second  order  statistic  (for  example,  the  mean  value  of  the  second  order 


7-22 


ELECTRONIC  COUNTERMEASURES 


JSL 


'C:pH 

[Z] 

-j  uu;" 

lUh 

ID 

Hijtm  immii0t»k  «t 
i»  w  atti  fiMlInNM  (mt 
UUb  m  Hi  lilHr  imImn 
•H  Nra  K  ib 
(/m>^HiliiMMti^ 

C*ft  B  llfll 


Ni  «^lj^  l*«ni  in 


Fiovm  1-i  Flrit  Order  Probability  Dtctlty  Analyur 

dialribution)  can  be  meaiured  empirically  although  with  more  difficulty  than 
the  flrit  order  diitributfon.  For  a  fiuuian  procesi,  the  flrit  order  dlitribu- 
tion  and  the  autocorrelation  function  determine  all  orderi  of  probability 
diitributioni. 

Very  often  t..s  function  X(t)  !i  lempled  end  the  eutoccrrelaticn  function 
of  the  lequence  of  aamplei  la  meaiured.  Thii  ii  given  by, 

i  " 

^„(A)  -Jim  I  X(n)X(H  +  4i)  (7-36) 

Figure  7-4  is  a  block  diagram  of  a  typical  correlator.  The  autocorrelation 
function  and  the  power  density  ipectritm  are  Fourier  traniformi  of  each 
other.  Hence,  a  knowledge  of  one  impliei  the  other.  Thui,  we  have, 

2  f 

C#ji(u>)  =:  ^  y  g  ^m(t)  COI  itiT  dr 


(7-37) 
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and 

te 

^m(t)  =  J  Gm(u)  eotmrdr  (7-38) 

The  empirical  measurement  techniques  of  the  power  density  spectrum  are 
well  knovn.  Wo  require  a  Alter  bandwidth  which  is  much  narrower  than  the 
signal  bandwidth  and  a  power  measuring  and  averaging  device  at  the  output. 
The  measuring  Alter  must  be  capable  of  frequency  translation  over  the  band¬ 
width  of  interest.  A  search  receiver  is  a  good  example  of  a  ^rectrum  analyser. 
Of  course,  a  bank  of  parallel  Alters  distributed  over  the  band  of  interest  can 
also  be  used. 

The  operators  deAned  by  correlation  and  spectrum  analysis  also  make 
sense  with  respect  to  deterministic  signals.  We  can  use  these  operations  to 
gain  some  insight  u  to  the  time  striuture  of  an  input  without  observing  the 
entire  function.  It  should  be  emphasised  that  autocorrelation  and  power- 
spectrum  analysis  destroy  phase  information.  For  more  detailed  analysis  we 
can  compare  functions  by  cross-correlating  them,  for  example,  compute 

r 

=  llm  X(t)V(t  +  r)  dt  (7-39) 

r-^co  ^ 

If  X(t)  and  Y{t)  aia  equal  then  this  function  will  reduce  to  the  auto¬ 
correlation  function.  In  fact  can  be  used  to  obtain  a  Aguie  of  “match” 
between  X(t)  and  Y(t),  The  cross-power  density  spectrum  is  the  Fourier 
transform  of  Both  of  tlieae  functions  preserve  phase  information. 

7.2.4  Sumuiary  and  Gmcluslone 

In  this  section  we  have  formulated  mathematically  the  observation  or 
measurement  problem  applicable  to  EM  reconnaissance.  This  formulation 
indicates  that  a  major  problem  in  EM  reconnaissance  is  deAning  a  set  of 
signlAcunt  measurable  properties  on  the  class  of  all  slgiuls.  TheK  measure¬ 
ments  specify  an  important  portion  of  an  EM  roconnaissance  system  and 
depend  cuitically  on  a  priori  information. 
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We  heve  diicuited  briefly  &  variety  of  pbyilcal  meuustss^^U  and  apparft> 
tui  which  hive  proved  uieful  in  analyiiDg  •ignali.  The  meaiuremente  are 
meaningful  on  both  stochaitic  and  deterministic  signals.  The  physical  con¬ 
straints  inherent  in  these  measurements  are  mere  or  lees  the  samsi  for  ex¬ 
ample,  finite  obse::vatlon  time,  finite  number  of  parameters,  finite  power, 
etc.  Rased  on  the  particular  application  some  of  these  measurements  or 
operations  are  preferable  to  others.  We  indicated  that  for  Icw-ords?  analysis 
simple  operators  which  yield  the  presence  or  absence  of  certain  properties 
are  useful.  In  particular,  an  analyser  indicating  the  presence  or  ateence  of 
certain  types  of  modulation  yields  useful  information. 
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Psychophysics  in  Electronic  Warfare 

W.  TANNER,  JR. 


ai  Introdsiction 

AnyoM  encsged  in  a  counternn«Murei  program  will  rtcogniM  at  one#  tha 
compltxlty  of  the  problem  before  him.  He  U  faced  with  equipment  ediSch 
he  must  evaluate  in  ternu  of  both  theoretical  and  experimental  coneidera* 
tlone.  Conditiona  vary  with  the  environment,  and  evaluative  tac^^Squei 
vdslch  are  aatlafactory  in  one  particular  environment  may  be  next  to  uicleu 
in  another,  Beeldee,  there  ie  the  added  complication  of  the  human  factor. 
The  exact  performance  of  a  human  being  cannot  be  predicted  wlUi  abaoiute 
certainty,  and  one  muit  take  into  conelderation  the  unreliability  of  the 
human  component  in  any  relatively  flexible  syitem.  Theae  problema  are 
not  eaaily  aolved.  Indeed,  in  the  paat  there  haa  frequently  been  dlaagrec> 
ment  over  the  queation  of  how  tha  aolutiona  ahould  even  be  approeched. 
Should  we  approach  the  matter  from  the  point  of  view  of  theory,  carefully 
atating  the  problem,  controlling  the  environment,  and  collecting  laboratory 
data  for  the  evaluation  of  countermeaaurea  eyitema?  Or  ahouid  we  proceed 
from  a  practical  point  of  view,  conaldering  as  well  the  irrelevant  variables 
found  in  field  tests  for  the  evaluation  of  equipment  under  opecific  condi¬ 
tions? 

The  present  chapter  adopts  the  former  approach  for  a  variety  of  reasons. 
The  distinction  between  theory  and  p'ractice  Is  sometimes  more  apparent 
than  real  for  theoretical  developments  frequently  have  highly  significant 
practical  aspects.  Such  seems  to  be  the  rase  in  the  countermeasures  prob- 
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Itm,  Evidence  tlready  pU»er«d  Menu  to  point  to  the  ooneluiioo  that  only 
by  approaching  the  matter  from  the  theoretical  point  of  view  can  the 
relevant  relationriilpf  between  the  whole  tyitem  sad  Its  parts  be  adequately 
studied.  We  wish  to  get  to  the  fundamental  nature  of  t^  proUem,  unoom* 
plicated  by  irrele«ant  variables,  so  that  we  may  both  understand  the  fuac* 
tloning  of  a  system  and  develop  means  for  its  evaluation.  Such  an  i^pi»roach 
requires  that  the  subject  be  viewed  in  the  light  of  recent  commuaicatioB 
theory. 

Admittedly,  such  theory  is  extremely  complicated  and  by  no  means  ea«y 
to  understand.  It  cannot  necessarily  be  assumed  to  be  in  the  genera!  badi> 
ground  of  even  very  well-educaM  men.  For  this  reason,  this  chapter 
assumes  no  knowledge  of  communicatimi  theory  on  the  part  of  the  reader. 
For  those  familiar  with  this  area,  tba  discusalons  which  follow  may  soem 
overly  simplifled.  The  matter  is  handled  in  this  way,  however,  so  that  any 
Inielllpnt  reader  will  be  able  to  follow  tbe  discussion  once  be  has  bacoma 
acquainted  with  the  fundanrentals  of  the  theory.  The  chapter  attempts  to 
outline  and  explain  tbe  concepts  from  communication  tbMry  relevant  to 
tbe  present  discussion  in  the  hope  that  by  this  means  tbe  reader  srfll  come 
to  see  tbe  slgniflcance  of  these  new  concepts  for  tbe  evaluation  of  counter¬ 
measures  proframs. 

A  strong  psychophysical  bias  will  be  noted  at  once.  This  orlentatitui 
results  from  the  primary  field  of  interest  of  the  author.  The  psychophysical 
viewpoint,  however,  is  not  the  only,  nor  pciiupe  the  moet  InqxirtMt  one 
made  in  the  subsequent  discussions.  In  the  countermeasures  proUem,  sre  are 
faced  with  the  tuk  of  evaluating  both  men  and  equipment.  Fundamentally, 
tbe  task  Is  the  same  whether  one  or  the  other  Is  evaluated  In  terms  of  tbe 
whole.  As  will  be  shown  below,  it  sometimes  mtkee  no  diifareace  adietber 
a  component  under  diKUSsion  Is  human  or  mechanical.  It  Is  tbe  function  of 
that  component  in  relation  to  the  system  as  a  whole  idilch  Is  of  primary 
significance.  ’Hie  feeder,  therefore,  should  keep  in  mind  that  we  arc  dealing 
with  systems.  The  psychophysical  matters,  though  important  in  them¬ 
selves,  are  also  useful  In  illustrating  problems  which  have  more  gancrai 
rfimiflcationi  than  psychophysics  alone. 

8.1.1  TIm  Basie  Problem 

In  any  communication  or  detection  system,  two  types  of  general  problems 
are  likely  to  appear.  The  first,  and  most  easily  recognised  and  understood, 
i.'.  the  kind  that  relates  to  the  particular  components  individually.  Such 
problems  may  be  isolated  with  more  or  less  ease  and  referred  to  particular 
specialists  fur  solutions.  Thus,  the  problems  caustid  by  the  individual 
human  component  may  be  referred  to  the  iMycholcgist,  these  of  the  elec- 
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trcaie  contponenti  to  the  engineer.  Is  msny  isstenc^,  however,  a  aecond 
kind  of  problem  eppeara — that  which  coscems  the  rehtiwi  of  the  individual 
part  to  the  eystem  as  a  whole.  Thcs,  to  me  an  example  from  peychophytici, 
the  Inclusion  of  a  human  component  in  a  communication  or  detection 
system  introduces  not  only  the  pr^)!em  of  human  limitattons  but  elso  the 
problem  of  those  limitations  u  they  are  related  to  factmrs  outside  the 
human  being  himKif,  most  particularly,  the  lack  of  ralisbiiity  of  the 
human  component  in  a  flexible  syatem.  If  the  purpoee  of  the  equipment 
can  be  made  specific  enough,  automatic  equipment  is  perhapa  better  but  in 
most  systems  that  cannot  Im  designed  for  a  comjdctely  specific  purpoee, 
a  human  being  must  be  included. 

The  exact  nature  of  functional  structure  of  this  human  component  de¬ 
pends,  in  part,  upon  the  way  In  which  it  Is  incorjioratod  into  ^e  system. 
Human  beings  are  extremely  coRq>9ex  creatures,  and  unlike  electronic 
equipment,  cannot,  at  least  at  present,  be  repnwented  by  a  schematic 
diagram  of  filters,  amplifiers,  differentiators,  or  the  like.  To  be  sure,  there 
are  specific  tasks  wherein  the  tie-in  to  the  s)rstem  and  the  purpoee  are  so 
precisely  qsecifted  that  one  fundamental  schcnuttic  diagram  of  the  human 
component  may  Le  used.  If  the  task  Is  chanfed,  however,  or  if  the  tie-in  to 
the  system  is  changed,  many  of  the  parani'ftefs  of  the  diagram  moat  naarly 
reprasenting  tha  human  component  must  aiso  be  chani^.  In  soma  casaa,  it 
may  even  be  necessary  to  c^nge  the  basic  functional  structure  rq;>r8eentcd 
in  the  diagram. 

The  underlying  causa  of  this  condition  U  that  the  human  being  is  a  self- 
evaluating  ai^  self-adjusting  system— a  fact  which  leads  to  both  disad¬ 
vantages  and  advantages.  On  debit  side,  number  of  major  problems 
occur  when  an  outside  observer  tries  to  predict  the  performance  of  a 
hunuin  being,  particularly  if  the  outcide  olmrver  has  difficulty  estimating 
the  precise  environment  in  which  the  system  is  operating.  Suppose,  fer 
example,  h«  requires  that  the  human  component  handle  more  factors  then 
he  Is  capable  of,  or  demands  a  storage  capacity  on  the  part  of  the  operator 
beyond  the  limits  of  human  memory.  Situations  like  these  would  seriously 
affect  the  efficiency  of  the  system  or  lead  to  its  malfunction,  simply  because 
the  human  being  couid  not  operate  according  to  specifications.  Thus,  the 
dangers  incurred  with  the  inclusion  of  a  human  component  are  easy  to 
visualise. 

Yet,  although  these  difficulties  of  prediction  are  major  onea  end  can 
seriously  affect  the  performance  of  the  system,  they  are  not  entirely  dis¬ 
advantageous.  On  the  credit  side,  the  incorporation  of  a  human  being  into 
a  system  can  lead  to  real  advantages.  An  intelligent  component  can  adjust 
if  the  orlgiiutl  estimate  of  the  environment  is  Inaccurate.  He  can  change 
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with  the  iituttion  bv  adjusting  hiRtseif  os  ths  appara^ut  (or  both)  to  fit 
thfe  un(oreM«n  conditioni.  Indeed,  he  can  sometitnea  perform  better  than 
a  mechanicel  component.  Suppoae,  for  example,  that  a  mechanical  device 
ii  «ei  to  receive  a  lignal  at  preciiely  1000  c>xlei  per  eecond.  If  the  tlgaai 
camel  through  at  1100  cycles  per  eecond,  the  lyetem  taila  con^letely.  A 
human  being,  on  the  other  hand,  can  react  to  the  tmxpdetid  MVkonmtHi, 
If  there  is  time,  he  may  adjust  to  the  new  situation,  manipulate  his  equip¬ 
ment,  and  receive  the  signal  at  the  transmitted  frequency.  Kic  behavior 
may,  in  effect,  change  the  design  of  the  system.  He  may  thus  perform  better 
than  specific  automatic  equipment  because  he  adds  a  flexibility,  a  nteana  of 
adjusting  to  the  unexpected,  that  is  beyond  the  capacity  of  nooet  machines. 

Because  an  intelligent  compor>ent  can  make  up  for  system  deficiencies,  his 
introduction  can  be  of  real  importance  to  the  engineer.  Ihe  leclusioa  of  a 
human  being  nuty  permit  certain  design  decisions  to  be  delayed  until  the 
system  actually  goes  into  operation;  at  that  time  the  human  operator  may 
nuke  the  necessary  adjustments  to  the  specific  conditions  he  finds.  In  certain 
cases,  therefore,  the  design  need  not  be  made  too  specific,  for,  in  time,  the 
human  component  may  adjust  to  the  actual— and  perhaps  unpredicted— 
environment.  He  may  even  make  the  system  work  lutter  than  it  would  If 
^reclfic  design  features  had  been  incorporated.  In  effect,  the  lyitem  can 
deliberately  be  made  less  specific  so  that  the  human  component  may  makt 
changes  when  more  information  is  available  upon  which  to  base  a  derign 
decision. 

Perhaps  an  example  will  aid  in  clarifying  this  point.  It  is  drawn  from 
the  theory  of  signal  detectability,  and  a  number  of  the  concepts  and  terms 
may  well  ai^Mur  new  and  unusual.  Nonetheiesi,  it  Illustrates  the  point  well, 
and  the  explanation  will  introduce  the  reader  to  some  concurs  that  will  be 
useful  throughout  the  chapter.  According  to  this  theory,  the  cutoff  point 
for  accepting  a  signal  (perhaps  the  bias  on  a  thyratron)  is  optimally  estab¬ 
lished  on  a  knowledge  of  a  number  of  parameters  which  define  the  particular 
environment  in  which  the  equipment  is  operating — parameters  which  can 
vary  considerably  from  one  situation  to  another.  Stated  flatly,  these  par¬ 
ameters  are,  among  others  the  o  priori  probability  of  the  signal  occurring, 
the  signal  energy,  and  the  values  and  costs  associated  with  possible  aPernate 
decisions. 

The  way  in  which  these  variables  play  their  roles  can  perhaps  be  demon¬ 
strated  by  the  following  illustration,  which  Is  not  technical,  but  which  is 
quite  graphic.  Suppose  that  at  the  end  of  a  bus  line  frequently  used  late 
at  night  by  nurMs  coming  off  the  late  shift  at  a  hospital,  there  Is  a  dark 
and  deserted  stretch  of  street  lined  with  bushes  and  weeds.  For  many  years, 
girls  have  walked  along  this  stretch  completely  unmolested.  Should  one  of 


PSYCHOPHYSICS  IN  ELECTRONIC  WARFARE 


8>5 


them  hear  a  n&iM  in  the  biuihea,  it  would  be  accepted  aa  a  tignal  that  a 
•mall  a::iimal  ia  acamperinK  away  (the  e  priori  probability — the  probability 
before  the  event — la  hifh  that  that  ia  ail  it  ia).  The  girl  ia  sot  frightened 
for  it  aoema  that  little  ia  to  be  gained  by  panic  (value  la  low),  and  Ae  may 
be  laughed  at  (the  cost  ia  high)  for  running  at  every  noiae.  However,  aup- 
poae  \  .rthcr  that  a  new  factor  ia  added  to  the  altuatlon.  One  night  a  girl  ia 
murdered.  Once  this  event  occura,  the  vab'ca  of  the  parametera  change.  It 
ia  highly  likely  that  many  repcrta  wih  'u  jo  in  of  girla  running  home  in 
panic  puraued  by  a  moleatcr,  perhapa  imaginary.  What  baa  happened? 
Becauae  of  the  murder,  the  a  priori  probability,  in  the  minda  of  the  glrli, 
of  the  aignal  meaning  “murderer’*  becomea  high.  That  ia,  to  them  any 
noiae  ia  likdiy  to  denote  “murderer  lurking  near.”  Thla  aignai  la  heard  more 
frequently  (though  the  noiae  ia  perhapa  of  only  very  low  i&tenaity),  and 
the  values  and  coats  have  changed.  If  the  aignal  la  accepted,  aa  it  U  likely 
to  be  (that  ia,  “murderer  la  there”),  the  girl  rune  becauae  the  value  of  such 
action  (“escape  with  my  life”)  far  offsets  any  possible  cost.  A  change  hm 
occurred  in  the  system  because  of  the  new  information  (the  murder)  Wi>ici« 
has  been  introduced. 

To  return  to  the  engineering  example,,  the  problem  faced  by  the  engineer 
in  designing  a  system  is  now  obvious.  The  parametera  vary  from  situation 
to  situation.  Just  aa  they  did  in  the  nurse  example.  Therefore,  in  deeigning 
a  fixed  bias  into  a  system,  the  engineer  must  assume  an  environment,  or  a 
set  of  environ-nents,  which  leads  him  to  elect  that  qMcifle  bias.  But  at  the 
•amo  tlm«>,  obviously,  there  are  likely  to  be  many  environments  for  which 
his  choice  ia  a  very  poor  approximation.  One  new  fact,  as  the  murder  of  the 
nurse,  fed  into  the  system  can  change  the  parameters  or  their  values  so 
markedly  that  the  system  is  totally  unsulted  for  the  environment  in  which 
it  Ic  asked  to  operate.  And,  of  course,  the  engineer  hu  no  way  of  knowing 
what  factors  may  crop  up  to  bring  about  such  a  change.  He  may  prefer, 
therefore,  to  provide  for  an  adjustable  bias  in  his  system. 

He  would  like  to  design  a  system  which  operates  initially  on  the  design 
engineer's  best  guess  of  the  values  of  the  relevant  parameters  in  the  environ¬ 
ment.  During  its  operation,  the  system  studies  the  environment,  making 
new  estimates  of  these  values  based  on  the  information  it  collects.  It  con¬ 
tinually  modifies  its  basis  of  operation  to  conform  to  the  most  recent  estimates 
of  the  environment.  Since  at  the  present  time,  however,  it  Is  a  difficult 
problem  to  design  these  properties  into  automatic  <Jevlces,  the  engineer 
must  assign  some  of  the  functions  of  the  system  to  a  human  being.  With 
present  knowledge  he  can  in  no  other  way  achieve  the  flexibility  and 
versatility  required.  He  assumes,  therefore,  that  the  human  component  can 
introduce  into  the  system  the  necessary  self-evaluation  and  self-adjustment 
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in  e  nunn«r.  Tbst  MMimpticn,  however,  It  beied  cm  liitk  evi* 

dence  and  mudi  faith.  Without  quection,  the  human  coi!yx)nent  perf«ms 
these  functions.  That  he  performs  them  satisfactorily  is  ^  no  maaM  ac 
certain. 

Until  quite  recently,  this  whole  question  of  human  performance  had  not 
been  deemed  sufiSciently  important  to  Juetify  major  consideration,  mainly 
because  it  had  not  been  necessary  to  demand  tha  bM  pcseibie  use  of  human 
components  in  both  communication  and  radar  eystenu.  For  example,  the 
relatively  small  amount  of  traffic  in  communication  systema  aliowad  piMtty 
of  bandwidth  to  be  assifned  to  individual  natworks,  and  In  radar  systams, 
there  has  ordinarily  been  sufficient  time  for  human  beings  to  react  to  eignals. 
Under  such  conditions,  it  was  not  at  all  necessary  to  demand  optimum  uee 
of  the  humen  component.  Recent  developments,  however.  Indicate  that  In 
the  not*vcry>distant  future,  systemi  which  employ  human  belnge  will  havt 
to  make  much  greater  use  of  human  capabilitiea,  mainly  bacause  of  raduced 
time  and  increased  traffic  in  radar  and  communication  systema. 

Consider,  for  example,  the  radar  problem.  The  speed  of  modem  mitelles 
and  countcr-missilea  is  such  that  recognition  and  interception  must  occur 
in  intervals  of  time  beyond  the  fastest  of  human  reactions.  To  use  a  com¬ 
monly  recognised  Illustration,  the  problem  of  the  human  operator  la  similar 
to  that  of  two  pilots  in  Jet  planes  approaching  aach  other  while  flyiag 
visual  observation  alone.  Speed  has  become  to  great  and  reaction  time 
requirements  so  stringent  that  the  plenes  may  collide  before  the  pilote  are 
even  aware  of  any  danger.  To  be  sure,  these  arc  extreme  cases  in  which 
the  unaided  human  being  can  do  nothing.  In  other  caees  where  more  time 
ii  available,  the  human  capabilities  will  have  to  be  taken  into  careful 
conalderaiioo. 

The  problem  exists  u  well  In  communication  systems.  Traffic  has  in¬ 
creased  to  such  an  extent  that  extravagant  assignment  of  bandwidth  to 
individual  nets  Is  no  longer  possible.  The  nets  must  operate  on  narrower 
bands,  a  condition  which  entails  some  serious  problems,  not  all  of  which  will 
be  immediately  apparent  to  the  reader  since  they  involve  some  cmicepts 
from  information  theory  (they  will  be  handled  in  more  detail  in  Section  8.2). 
Neverthelew,  the  general  nature  of  the  problem  may  be  mentioned  here; 
more  detailed  analysis  of  the  concepts  will  follow.  It  is  h(g>ed  that  as  we 
proceed,  the  matter  will  become  increasingly  clear. 

The  first  and  most  obvious  effect  of  the  narrower  bends  Is  the  reduction 
of  the  Information-carrying  capacity  of  the  nets.  If  tiw  same  rate  of  In¬ 
formation  flow  is  to  be  maintained,  this  effect  entails  the  need  for  soma 
efficient  use  of  the  assigned  channels.  A  number  of  consequences  come  to 
mind.  Suppose  we  assume  a  human  being  speaking  through  a  channel.  The 
code  he  uses  may  have  to  be  more  efficiently  constructed  in  terms  of  the 
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ci^ity  of  the  dumnsl.  (The  word  “code”  U  aot  used  her#  In  lU  moet  ueual 
meaning.  Any  accepted  meane  (or  tranunittlng  Information— Unfuafe, 
floihes  of  light,  dote  and  doehee,  even  tone  of  voice— may  be  cUfleed  as  a 
c'de.)  If  the  human  voice  employing  knsuoge  ie  tranimitted  over  a  narrow 
channel,  the  tone  of  voice  or  the  limits  of  high  and  low  Inflectiosu  (and  this 
la  port  of  the  code)  that  must  be  uaed  if  the  meatoge  is  to  be  received  with 
n:!:nimum  uncertainty  may  have  to  be  spedned.  Thus,  the  codes  must  be 
carefully  designed,  (or  we  cannot  afford  to  depend  upon  communication 
systems  for  which  our  expectations  are  unreoliatk. 

More  efficient  utilisation  of  the  channel  capacity  will,  of  course,  increase 
the  susceptibility  of  the  system  to  Jamming.  Januiting  reduces  the  capacity 
of  the  chssnei.  Since  the  bends  are  smaller,  1m  noise  power  will  be  needed 
to  jam  the  mtsuge  (though  naturally  it  will  be  harder  to  introduce).  To 
counter  this  iiticeptibility,  it  will  be  neceeeary  to  moke  on  intdligent  um 
of  redundancy.  This  means  that  thoee  elements  which  do  not  odd  InfomM* 
tion  should  serve,  in  effect,  os  crror>correcting  elements,  thus  increasing  the 
certainty  with  which  the  message  is  received.  Notice,  for  example,  the 
redundant  letters  In  an  Englls  eentenc;  we  can  reconlse  the  words  even  if, 
leters  r  omited.  A  wideband  gives  us  a  kind  of  wasteful  redundancy- 
much  more  than  we  need.  Since  w«  will  be  forced  to  avoid  this  type,  we 
will  have  to  use  that  vdilch  remains  to  reduce  the  danger  of  equivocation — 
of  uncertainty  on  the  pm  t  of  the  receiver — ^which  increases  with  the  usrrower 
bands.  For  exaniple,  detailed  standard  operating  procedures  may  have  tc 
be  specified  to  fit  existing  conditions  so  that  redundancy  is  definltily  built 
Into  the  system. 

In  the  future,  therefore,  it  appears  that  more  attention  will  have  to  be 
directed  toward  the  problem  of  using  the  capabilities  of  the  human  com¬ 
ponent  more  efficiently.  The  knowledge  basic  to  this  considsratioa  will  come 
from  psychophysical  cxt>«ritr,enU,  probably  performed  within  the  frame¬ 
work  of  models  of  developments  so  recent  that  ihsir  potsntlal  has  not  yet 
been  generally  realised — statistical  decision  theory  and  the  theory  of  signal 
detectability.  This  area  of  research  has  only  a  brief  history.  It  dates  pri¬ 
marily  from  Shannon’s  paper  on  the  mathematical  theory  of  communica- 
’'on,  published  in  1947.  This  and  other  studies,  as  will  be  seen  in  subsequent 

'tions,  have  furnished  the  scheme  of  the  basic  communication  system  and 
certain  fundamental  concq}ts  pertinent  to  the  present  problem.  Although,  at 
first  glance  the  concepts  seem  difficult  (the  vocabulary,  In  particular,  is  not 
easy  to  master),  they  are  of  such  importance  that  anyone  working  in  a 
countermeasures  program  should  be  aware  of  what  they  Imply.  For  despite 
its  short  history,  the  theory  has  already  demonstrated  a  potential  to  furnish 
some  ot  the  required  knowledge. 

We  shall  begin,  therefore,  with  a  brief  outline  of  the  pertinent  concepts 
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b  infornution  ih«ory  and  analyse  the  communication,  radar,  and  couater- 
maasurei  problems  in  terms  of  these  concepts.  AH  three  pn^ktns  are  in¬ 
cluded  hr  a  definite  lUUKtn.  Before  the  countermscsures  problem  can  be 
fully  understood,  the  .  .dcr  must  be  thoroughly  familiar  ^th  the  natures 
of  the  target  system  themselves.  Since  the  communication  and  radar  analyses 
illustrate  problems  inherent  in  the  target  systems,  each  is  treated  at  length 
before  the  analysis  of  the  countermeasures  system.  The  communication 
problem  Is  basiully  a  recognition  one.  It  invoHes  two  people  In  a  com* 
munisatlon  game  in  which  the  message  ensemble  can  be  known  in  advance. 
The  radar  problem  differs  in  that  It  also  Involves  detection,  and  the  message 
ensemble  (the  targets)  cannot  be  as  preciaely  known  In  advance.  Only  when 
these  problems  are  clarified  can  the  countermeasures  problem  be  properly 
analysed. 

Analyiia  of  these  problems  will  reveal  a  number  of  areu  requiring  re¬ 
search.  Some  of  the  problems  are  quite  specific.  Thus,  in  the  communication 
problem,  as  will  be  seen  below,  this  question  arises:  information  already 
fathered  indicates  that  from  the  decoding  standpoint,  sequential  observa¬ 
tion  (observation  over  a  flexible  time  Interval  until  the  observer  achieves 
a  level  of  confidence  that  he  has  received  the  message  correctly)  Is  more 
efficient  than  fixed  time  observation.  Since  »hl«  is  true,  it  becomes  important 
to  know  the  extent  to  which  a  humc?  ..or  san  act  u  a  sequential  ob¬ 
server.  Other  areas  for  study  include  thois  In  which  even  besic  knowledge 
is  lacking;  for  example,  the  manner  in  which  a  human  operator  on  the 
receiving  end  of  a  communication  channel  stores  and  decodes  messages 
(that  Is,  reconstructs  the  trankmltted  message  from  ths  signal  he  bu 
received). 

Each  of  the  three  general  problems  (l.c.,  communications,  radar,  and 
countermeasures)  is  stated  within  the  theoretical  framework  of  communi¬ 
cation  theory  and  the  theory  of  signal  detectHblllty.  By  establishing  a 
single  consistent  framework  It  is  pouible  to  treat  complex  probicm.a  involving 
more  than  one  of  these  systems:  The  framework  leads  to  the  establishment 
of  those  relevant  measures  upon  which  the  tvalustlon  of  these  complex 
systems  and  their  eomponenui  can  be  based.  It  is,  further,  ths  framework 
within  which  basic  studios  should  be  conducted  for  the  purposes  of  increas¬ 
ing  the  scientific  knowledge  leading  to  future  advances  in  the  counter¬ 
measures  program. 

8.2  The  Communications  Problem 

Before  any  effective  countermeasures  can  be  taken,  the  fundamental 
nature  of  the  communications  system  must  be  clearly  understood  and  the 
problems  relevant  to  the  general  area  of  communications  carefully  analyzed. 
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The  probletnfl  of  concern  here  are  Inherent  in  the  ayetems  themaelvea,  a  fact 
which  muit  be  kept  constantly  In  mind  throughout  the  discuaaion.  EffecMve 
countermeanurei  must  therefore  be  bated  on  a  thorough  underitanding  of 
the  tyttem.  In  this  tectSon,  ipecial  prcblemt  of  coding,  decoding,  and  the 
me  of  redundancy  will  be  analysed  with  a  view  toward  tuggestlng  a  number 
of  areas  In  which  further  research  and  study  are  sspcclatly  desirable.  Since 
these  terms,  however,  are  used  In  a  very  special  Knse,  a  consldenHIe 
amount  of  background  material  will  have  to  Im  Introduced. 

The  basic  communications  system  and  its  important  components  are  well 
Illustrated  In  the  block  diagram  upon  which  Shannon  batsd  his  fundamental 
Uicoremt,  and  the  theorems  themHlves  (altbou^  they  are  statements  of 
averages  which  cannot  be  Indiscriminately  implied  to  realisable  systems) 
are  useful  In  the  formation  of  the  problems.  A  word  of  warning  should 
perhaps  be  added  here.  The  application  of  the  theory  depends  upon  large 
lamp^  which  permit  the  application  of  atatlstice.  It  is  a  tksory  of  averagN; 
although  predictions  can  be  made  about  a  system  on  Ike  everags,  the  out¬ 
come  of  any  individual  event  cannot  be  predicted.  For  example:  the  rate 
of  radioactive  decay  Is  essentially  a  statistical  phenomenon;  the  behavior 
of  an  individual  particle  cannot  be  predicted.  In  a  similar  fashion,  in  Infor- 
mtlon  theory,  theorems  are  based  upon  a  large  number  of  messages;  the 
theorems  cannot  furnish  the  basis  of  stating  the  fate  of  any  one  message  In 
particular.  This  problem  causes  dUAcuUy  because  Individual  messages  arc 
of  ccr;cern  in  the  a{)pIicatlon  of  information  theory. 

Shannon's  diagram,  modified  only  by  the  addition  of  a  feedback  channel. 
Is  reproduced  In  Figure  8-2.  !t  Is  a  genera!  system  not  descriptive  In  detail 
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of  any  specific  system.  Nevertheless,  its  very  generality  is  the  basis  for  Its 
usefulness,  for  It  describes — abstractly — any  ccmmunlutlons  system,  from 
high-speed  electronic  devices  to  two  friends  engaged  In  conversation,  from 
a  radio  or  television  broadcast  to  a  pair  of  Indians  sending  snioke  signals. 
In  each  case,  the  basic  components  are  the  sa^e. 

There  is  an  information  tourer  which  selects  a  desired  message  from  a 
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■ct  of  poialSilc  onet,  Mch  with  i  probability  that  it  wii!  b«  trtnsmlttod 
when  trtsuRiiMion  cccuri,  The  tr(mtmitt$r  encoden  it  into  a  ivitabi?  code. 
That  ii,  it  chanfM  the  meiiMRe  into  the  sigHtU  which  it  aeadfc  over  the 
comunicationa  chamwl,  any  medium — a  pair  of  wlrea,  a  band  of  radio  fre- 
quenclee,  a  beam  of  light — that  can  be  used  to  transmit  the  signal  to  the 
nctivcr.  The  rKciver  acc^ts  the  received  tigHol—tiM  transmitted  signal 
plus  noise,  any  addition  or  change  (distortion  or  error)  not  Intended  by  the 
transmitter — and  decodes  it.  That  is,  it  reconstructs  the  messi^  from  the 
signal  and  passes  it  on  to  the  dattmtion,  the  person  or  thiiig  for  idiom  the 
message  is  intended. 

Perhaps  an  example  will  illustrate  the  fundamental  nature  of  the  ab* 
stract  system.  Consi^r  two  friends  engaged  in  a  conversation.  The  ^>oaker*s 
brain  is  the  information  source;  his  vocal  system,  the  transmitter.  His  words 
(the  coded  message)  are  transformed  into  varying  sound  pressurH  (the 
signal)  and  transmitted  over  the  air  (the  channel).  Kis  friend's  ear  and 
auditory  nerves  ire  the  receiver;  his  brain,  the  destination.  Similar  examples 
could  be  constructed  from  any  situation  in  which  communication  is  taking 
place.  The  general  system  describes  them  ail  equally  well. 

From  the  point  of  view  of  this  section  of  the  chapter,  the  nnost  signifleant 
problems  are  those  arising  from  the  coding  and  decoding  of  the  message. 
These  problems  are  the  same  whether  the  coding  involves  language,  binary 
digits,  flashes  of  light,  or  current  passing  through  a  cable. 

Around  the  block  diagram  SItannon  constructs  a  coding  theory,  statistical 
is  nature,  which  will  be  useful  in  the  dlscuulon  of  coding  problems.  To  be 
sure,  his  theory  muct  be  used  with  care,  for,  as  Shannon  himself  has  noted, 
the  herd  cere  of  the  theory  is  a  branch  of  mathematics,  a  strictly  deductive 
system.  The  theorems  he  presents  are  statements  of  statistical  averages 
expected  of  communications  systems  exhibiting  stable  statistical  properties. 
This  means  dealing  with  inflnlte  series  of  events,  all  of  which  have  the 
same  experience  entering  into  them.  The  system  is  not  altered  by  ei^rience, 
nor  does  It  change  as  it  goes  along,  unless  such  change  is  built  into  the 
system  by  some  general  statistical  rule.  Let  us  also  stress  again  that  we  are 
dealing  with  averages,  which,  like  all  averages,  cannot  be  applied  indis¬ 
criminately  to  particular  situations.  Shannon’s  fundamental  theorem,  for 
example,  assumes  transmission  forever.  Such  a  principle,  based  upon  infinite 
time,  cannot  be  applied  to  a  realisable,  finite  system  unieu  one  is  welt  aware 
of  the  dangers  lurking  in  statistical  statemenu. 

Still  another  difficuity  has  to  be  mentioned.  The  vocabulary  of  informa¬ 
tion  theory  is  somewhat  hard  to  master,  not  because  the  words  a*e  difficult, 
but  because  they  have  common  as  well  as  specialised  meanings.  We  have 
already  noted  the  rather  special  sense  in  which  the  word  code  is  used  here 
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to  xnttp  iomithing  much  !•(«  i^eclfic  thijs  1q  crdinttry  uetgt.  Othtr  vrordi 
arc  even  more  difficult  to  grup;  informatbn,  for  example,  li  not  moaning, 
but  rather  a  measure  of  one's  freedom  of  chclee  when  selecting  a  message. 
Confusion  can  result  in  one's  mind  because  a  word  like  information  baa 
these  two  meanings — one  in  general  uae,  one  in  tersna  of  information 
theory — both  of  which  are  needed  in  dlKussing  communications.  The 
reader  must  constantly  keep  in  mind,  therefore,  how  these  words  are  being 
used. 

Nevertheless,  despite  these  limitationa,  Shannon’s  theorems  are  useful  in 
helping  to  formulate  the  problems  and  wiil  the^fere  be  used  throughout 
this  section,  especially  in  t^  analysis  of  the  problems  of  coding.  No  attempt 
will  be  made  to  prove  these  thserems.  The  proofs  require  a  considerable 
amount  of  mathematics  and  are  clearly  beyond  the  scope  of  this  chapter. 
The  interested  reader  may  consult  Shannon’s  work  itself.  For  the  purpose 
of  this  chapter,  it  wilt  have  to  suffice  to  state  and  explain  the  theorems  so 
that  the  reader  may  understand  the  concepts  Involv^.  Most  pertinent  to 
this  discussion  are  the  four  concepts  detailed  beiow. 

( 1 )  Tho  Informotiem  flow  in  a  communication  systom  is  tko  same  wkotkor 
viotvod  from  the  standpoint  of  the  transmitter  or  the  receiver.  Again  the 
reader  must  keep  in  mind,  both  here  and  throughout  the  entire  diKUSslon, 
that  infomuition,  as  used  here,  is  noi  meaning,  but  rather  a  measure  of  one’s 
freedom  of  choice  when  arts  selects  a  message.  Perhaps  the  term  can  best 
be  explained  as  follows:  In  information  theory,  the  word  entropy  is  used  to 
erqpreu  the  degree  cf  randomness  in  a  situation.  It  is  measuivd  logarith¬ 
mically  and  is  espr  s«d  in  terms  of  the  probabilities  involved.  The  more 
equal  the  probabilities,  the  greater  the  entropy.  Information,  then,  is  a 
measure  of  the  reduction  of  entropy,  or  of  uncertainty,  in  a  communicailo*)? 
system.  What  the  theorem  is  saying  in  effect  is  that  the  channel  can  reduce 
uncertainty  by  so  much,  and  it  does  not  matter  from  which  end  you  look 
at  it. 

Two  examples  may  help  to  illustrate  this  concept.  Let  us  assume  a  cliannel 
transmitting  the  digits  0  and  1,  with  each  digit  equally  likely  to  be  trans¬ 
mitted.  From  the  transmitter’s  point  of  view,  the  rate  of  information  flow 
is  ineesured  by  the  change  in  his  ability  to  predict  the  received  digit  before 
he  knows  the  symbol  to  be  transmltti^  and  after  he  knows  it.  From  the 
receiver’s  end,  the  rate  of  information  flow  is  the  change  in  his  ability  to 
predict  the  symbol  which  is  transmitted  before  and  after  the  signal  is 
received.  In  our  assumed  channel,  the  O’s  and  I’s  may  be  mapped  into  two 
things  each.  Let  us  say  that  a  0  may  be  A  or  B,  a  I  either  C  or  D.  0  and  ! 
are  equally  likely  to  be  transmitted,  and  the  received  digits  are  A,  B,  C, 
and  D. 
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From  the  tranimitter’i  point  pS  view,  before  knowledge  of  the  slfnal  to 
be  tranemltted,  the  receiver  will  receive  one  tit  four  digits,  etch  with  « 
probebllity  of  .2$.  With  knowledge  of  the  ligml  to  be  transmitted,  the 
receiver  idll  receive  one  of  two  digits,  each  with  e  probability  cf  .5.  The 
uncertainty  has  changed  from  two  bits  to  one  bit;  it  has  been  reduced  by 
one  bit.  From  the  receiver's  viewpoint,  before  knowledge  of  the  signal, 
either  a  0  or  a  1  will  be  transmitted,  each  with  a  .5  probability.  There  is, 
therefore,  one  bit  of  uncertainty;  ft  he:  been  reduc-sd  by  one  bit.  Now 
notice  what  has  happened.  The  transmitter’s  uncertainty  has  been  reduced 
from  two  bits  to  one  bit,  the  receiver's  from  one  bit  to  none.  In  each  case 
uncertainty  has  been  reduced  by  one  bit.  Since  the  informatioo  flow  ts 
measured  by  the  reduction  of  uncertainty,  it  is  clearly  tiie  same  no  matter 
which  end  cf  the  system  is  considered. 

Let  us  esaminc  another  example.  Consider  a  system  transmitting  the 
binary  digits  1  and  0.  For  the  sake  cf  a  simple  illustration,  we  sdll  assume 
that  it  is  a  symmetrical  system.  The  probability  before  selection  of  the 
digits  is  .5  that  either  will  be  Miected.  This  probability  is  the  same  from  the 
point  of  view  of  either  transmitter  or  receiver.  Suppoee  further  that  once  a 
0  is  transmitted,  the  probability  that  a  0  will  be  received  is  .9  from  the 
transmitter’s  point  of  view,  After  the  perturbed  signal  (sigiul  plus  noise) 
is  received,  the  probability  that  the  0  is  correct  is  .9  from  the  receiver’s 
point  of  view.  For  ease  of  calculation,  we  have  aasumed  a  lymnMtrical 
system.  The  same  holds  true  for  an  asymmetrical  system.  The  calculations, 
however,  are  so  involved  as  to  be  out  of  place  in  this  book.  Actually,  the 
point  should  be  clear  without  them:  the  channel  can  reduce  uncertainty  by 
so  much,  and  it  matters  not  at  all  whether  it  is  viewed  from  the  transmitter’s 
or  the  receiver’s  ead. 

(2)  Tk$r0  exists  a  code  uihick  leads  *o  arbiirarUy  smalt  error  and  still 
permits  information  flow  at  a  rate  nearly  tkat  of  tke  capacity  of  tke  ckannel, 
wkereas  eny  code  wkick  attempts  to  transmit  et  a  greater  rate  must  lead  to 
an  eqfdvocijtion*  at  least  as  great  as  tke  difference  between  tkat  rate  end 
tke  capacity  of  the  ckannel.  This  means  that  so  long  as  the  capacity  of  the 
channel  Is  equal  to  or  larger  than  the  entropy  of  the  source  of  the  messages, 
we  can  transmit  with  as  small  a  speciAcation  of  error  as  we  chooN,  so  long 
a.4i  the  transmission  process  continues  over  an  inAnItely  long  period  of  time. 
With  time  unlimited,  error-checking  devices  can  be  built  Into  the  system. 
The  longer  the  time  allowed  for  this  purpose,  the  more  effective  these 
checking  devices  enn  be. 

Consider  some  of  the  means  by  which  this  can  be  accomplished.  One 
method  of  error  correction  is  simple  repetition.  The  mesuge,  for  example, 

*Kqulvocstlun  refrri  to  the  ivcrtie  uncertainty  exUtIns  sfler  the  tranimiwion. 
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luty  be  rep«fit6d  onct — 1389,  1389 — giving  a  redundancy  of  50  percent  In 
the  total  metsage.  Or  the  meiaage  might  be  repeated  three  titi«e«--'2469, 
2469,  2469  (redundancy  ia  67  percent),  W'e  might  prefer  to  take  the  aum 
of  the  digiti,  21,  (redundancy  ia  33  percent),  or  perhapa  only  the  laat 
digit  of  the  aum,  1,  (redundancy  ia  20  percent)  to  Aow  that  the  meaaage 
ia  correct.  The  principle  ia  one  familiar  to  thoae  who  have  had  experience 
with  legal  language.  In  an  act  of  lale  of  a  piece  of  property,  a  lawyer  may 
write  that  the  aellcr  agrees  to  “grant,  bargain,  aell,  convey,  aiaign,  tranafer, 
and  aet  over”  that  property  to  the  buyer.  What  he  doing  in  eh'ect  ia 
building  redundancy,  an  error-checking  device,  into  hia  meaaage  to  make  sure 
that  it  ia  not  miaundcratood.  It  can  easily  be  seen,  therefore,  that  with 
infinitely  long  time  for  transmission,  mesaagea  can  be  sent  with  arbitrarily 
imjill  error,  so  long  aa  the  capacity  of  the  channel  ia  equal  to  or  la.  ger  than 
the  entropy  of  the  source  of  the  mesaagea. 

The  above  examplea  are  merely  Intended  to  iUuitrate  the  role  of  redun¬ 
dancy.  In  the  first  enmpla,  that  of  repetition,  no  new  information  ia  trana- 
mitt^  after  the  first  transmission.  The  second  example  again  has  this 
feature;  the  transmission  of  the  sum  Is  pure  redundancy  and  serves  only  to 
detect  errors.  In  the  third,  that  of  the  legal  language,  each  word  carries 
some  of  the  information  included  in  every  other  word  and  some  that  is  not. 
A  single  word  could  be  coined  to  cover  this  set  of  words.  None  of  these 
examples  pretends  to  illustrate  a  use  of  redundancy  which  reduces  error 
without  r^ucing  the  rate  of  information  flow. 

If,  on  the  other  hand,  one  attempts  to  transmit  at  a  rate  greater  than  the 
capacity  of  the  channel  (the  capacity  in  this  case  is  smaller  than  the  entropy 
of  the  source),  an  equivocation  would  be  Incurred  equal  to  or  greater  than 
tha  difference  between  the  capacity  and  the  rate.  Of  main  concern  here  is 
the  relation  between  the  capacity  of  the  channel  and  the  rate  of  transmla- 
tion.  Thus,  if  the  channel  capacity  is  varied  (as  when  employing  counter¬ 
measures)  so  that  the  channel  capacity  is  less  than  the  rate  of  transmis¬ 
sion,  the  theorem  states  that  there  must  be  equivocation,  or  uncertainty, 
when  the  message  is  received. 

The  remaining  concepts  may  be  stated  very  briefiy; 


(3)  Thf  rate  of  injormation  flow  Jrom  tranmitter  to  receiver  in  the 
system  illustrated  in  Fiture  8-1  is  nstrictsd  only  by  the  capacity  of  the 
forward  channel, 

(4)  The  feedhach  channel  can  be  employed  to  reduce  the  error  rate  of 
the  information  flow  from  transmitter  to  receiver,  but  not  to  increase  the 
capacity  of  the  forward  channel. 
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Other  concepts,  espcctelly  some  from  statistical  dectaioa  tbeoiy,  will  also 
tie  employed,  but  since  they  are  related  primarily  to  proUcms  in  dscodlag, 
they  will  be  discussed  in  Secticm  8.2.2. 

8.2.1  Coding 

From  the  diKuuion  above  it  is  obvious  that  tho  employment  of  redun¬ 
dancy  is  an  important  coding  problem.  A  great  deal  of  hl|^  sophlstkatod 
mathematical  effort  is  being  extended  in  this  direction.  The  fact  that  this 
is  not  treated  in  detail  in  this  chapter  should  not  minimise  the  importance 
of  this  work.  It  is  extremely  Important,  but  requires  more  technical  dis¬ 
cussion  than  is  possible  in  this  chapter.  Consequently,  the  dlscuieion  is 
devoted  to  voice-communication  channels,  or  subject  matter  not  auflldlently 
understood  to  permit  sophisticated  mathematiesJ  treatment. 

A  number  of  coding  problems  deserving  further  study  have  been  sug¬ 
gested  by  research  conducted  at  The  University  of  Michigan.  Two  of  these 
problems  in  particular  involve  the  use  of  a  human  being  on  the  transmitting 
side  of  a  communications  system.  These  arc  interrelated,  for  they  involve 
not  only  the  question  of  coding  procedures  in  voice  communicathm  so  that 
the  greatest  information  r«:«  per  unit  time  may  be  achieved,  but  also  ralH 
tho  question  of  how  these  procedures  should  be  determined  for  a  given 
situation.  It  has  already  been  shown  that  a  human  being  can  add  flexibility 
to  a  communications  system  simply  because  he  is  a  self-evaluating  and 
self-adjusting  component.  To  apply  this  concept  to  the  coding  problem,  one 
may  note  that  he  has  the  ability  to  change  the  code  through  the  use  of 
varied  reading  rates,  changes  in  volume,  shifts  in  inflections,  and  Uie  like. 
The  problem,  therefore,  is  how  to  put  this  flexibility  to  use.  In  other  words, 
what  can  the  human  operator  do  to  adjust  his  coding  procedures  to  achieve 
the  highest  information  rate  per  unit  time?  And  more  important,  is  it 
possible  to  devise  a  general  rule  wiiich  will  tell  the  human  operator  which 
of  the  changes  to  use  in  a  given  situation? 

From  this  point  of  view,  it  Is  important  first  to  know  the  maximum  in¬ 
formation  rate  achievable  in  any  given  system.  Figure  S-2  illustrates  this 
problem.  It  is  derived  from  calculations  which  are  beyond  the  scope  of  this 
chapter.  The  reader  is  asked,  therefore,  to  accept  the  graph  as  a  true  picture 
of  the  situation.  The  graph  shows  that,  for  a  fixed  signal-to-noise  power  ratio 
in  a  digital  channel,  the  information  rate  per  unit  time  varies  as  a  function 
of  the  energy  per  symbol,  ur  equivalently,  as  the  duration  of  the  symbol. 
It  applies  to  a  channel  in  which  each  symbol  i:i  a  sequence  is  independent 
of  every  other  symbol  in  the  sequence.  I'he  two  lines  illustrate  the  relation 
in  situations  based  upon  two  different  assumptions.  The  first  assumes  that 
the  signal  is  known  exactly;  that  is,  if  the  signal  exists,  its  waveform  is  known 
exactly,  even  to  its  porition  in  time.  The  curve  shows  that  the  reduction  of 
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error  In  luch  t  cbnnne!  can  be  ac- 
compllibad  by  Incraulng  the  energy 
of  the  eymbol,  in  thli  situation,  only 
at  a  cc*t  or  a  low  of  infomtaiion  rate. 

The  other  auumei  that  the  signal  is 
known  only  itailiticaily;  that  is,  that 
the  waveform  is  known,  but  perhaps  not 
its  position  on  a  fixed  time  scale,  or  per* 
chance,  the  amplitude.  In  sucli  a  situa¬ 
tion,  the  curve  achieves  a  maximum 
point  in  time,  a  fact  which  suggesU  the 
need  for  further  study  in  coding  pro¬ 
cedures.  I:  it  po'.;:dble,  in  a  voice- 
communication  channel,  to  achieve 
something  like  this  maximum?  Is  it 
possible  to  plan  the  redundancy  in  a 
way  which  permits  the  reduction  of  error  without  paying  an  excessive 
price  in  reduction  of  information  flow?  According  to  Shannon’s  fimdamcntal 
theorem,  there  exists  a  code  which  ran  reduce  error  to  an  arbitrarily  small 
amount  without  the  lou  of  information  rate  illustrated  in  the  first  curve. 
By  this  theorem,  also,  there  exists  a  code  which  can  lead  to  an  approxi- 
maticR  of  the  information  rate  indicated  by  the  snaximum  of  the  second 
curve  in  Figure  S-3,  with  arbitrarily  small  error.  Altboujd)  it  would  be 
extremely  optimistic  to  attempt  to  a^leve  these  codes  in  voice-communica¬ 
tion  channels,  their  existence  indicates  directions  In  which  progress  might 
be  sought. 

This  optimum  code,  however,  requires  Infinitely  long  delays  to  achieve 
the  Arbitrarily  small  error  rate,  for  the  theorem  asiumes  transmbtslon  over 
an  infinite  period  of  Unrie.  In  situations  in  which  a  fixed  amount  of  informa¬ 
tion  is  to  be  transmitted,  or  in  which  the  messages  are  independent,  the 
theorem  nuiy  not  apply.  In  such  situations^  correction  must  come  within 
the  message  Itulf  or  not  at  ell,  for  one  frequently  cannot  afford  the  time 
needed  to  assure  minimum  error  through  correction  devices  built  into  the 
code.  If  the  message  contains  Information  urgently  needed  at  the  receiving 
end,  we  cannot  waste  time  purely  for  the  sake  of  an  arbitrarily  specified 
reduction  of  error.  Nevertheless,  there  may  well  be  optimum  codes  achiev¬ 
ing  a  minimum  error  rate  in  accordance  with  the  restrictions  placed  on  the 
communications  task.  In  other  words,  of  a  number  of  possible  codes,  we 
would  like  to  find  the  one  which,  though  falling  short  of  the  ideal,  still  has 
a  minimum  error  rate  in  terms  nl  the  finite  task  that  the  communications 
system  is  required  to  perform. 

For  situations  In  which  the  signs'  is  known  only  statistically,  It  becomes 


Fiovu  «  Ksit  '>  InfomwtioB  psr 
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highly  important  to  conduct  studies,  tithe:'  tbeorttical  or  exptrisnentci,  to 
establish  maxima,  or  approximations  of  nuxlma,  for  curvM  such  as  that  in 
Figure  8-3.  Whtn  a  human  component  is  built  into  Use  system,  such  studies 
irould  include  research  in  voice  communication.  One  would  like  to  know, 
for  example,  the  effect  of  reading  rato  in  the  establishment  of  such  a  maxi¬ 
mum  point.  Other  variations,  such  as  change  in  volume,  tone,  and  pitch  in 
the  human  voice  should  be  ooniickred  as  well. 

An  example  may  clarify  the  problem.  Suppose  that  a  babble  of  voicea  la 
used  as  an  interference  signal  in  a  communications  system.  When  thie 
sound  ie  evaluated  using  an  articulation  test,  that  is,  one  with  a  fixed 
reading  rate,  it  Is  found  to  be  quite  effective  in  interfering  with  the  eyetem. 
But  wher  the  person  transmitting  is  permitted  the  freedom  to  vary  hia  rata 
of  speech,  he  can  sometimes  find  a  reading  rate  which  will  permit  him  to 
get  through  the  babble  and  render  the  interference  ineffective.  Almoit  every¬ 
one  is  familiar  with  this  problem  from  his  experience  in  crowds,  at  cocktail 
parties,  and  in  night  elute.  Despite  the  hubbub,  the  can  frequently  find  a 
code  (a  speed  of  delivery,  a  volume,  or  a  tone  of  voice)  which  wiU  permit 
conversation.  Despite  this  ability,  it  is  not  possible,  of  course,  to  remove 
equivocation  completely  in  finite  time,  but  it  is  certainly  possible  to  opti¬ 
mise  to  get  the  l^t  information  per  unit  time  while  accepting  some  error. 

The  second  problem  in  coding  procedure — the  need  for  a  general  rule  by 
which  the  particular  coda  for  use  in  a  given  situation  can  be  determined— 
Is  illustrat)^  by  the  data  plotted  in  Figure  S-J.  Once  again  the  reader  la 
asked  to  accept  the  ftgure  and  the  calculations  that  have  gone  into  it  without 
further  development.  In  this  figure,  the  information  rate  per  symbol  or  per 
meisege  is  plotted  as  a  f>:nction  of  the  metuif<  ensemble  sls«  wherein  the 
signal-to-noise  energy  ratio  per  symbol  Is  fixed.  In  this  particular  illustra¬ 
tion,  ensemble  lUe  is  rouidily  analogous  to  vocabularly  site  in  an  articulation 
test,  and  each  curve  represent!  (.  different  value  of  lEfSe,  a  ratio  which  ii 
so  important  to  the  understanding  of  both  this  and  the  radar  problems  that 
some  explanation  of  it  must  be  introduced  here. 

Stated  briefly,  the  ratio  2E/No  (where  £  Is  the  signal  energy  and  No 
Is  the  noise  power  per  unit  bandwidth)  dcKribes,  for  the  case  in  which  the 
signal  is  known  exactiy,  the  separation  between  the  means  of  two  statistical 
distributions  divided  by  the  standard  deviation  when  these  two  distributions 
are  along  a  unidimensional  decision  axis.  One  of  these  distributions  is  for  the 
probablity  density  of  a  measure  on  the  decision  axis  when  noise  alone 
exists,  whereas  the  second  is  conditional  upon  the  existence  of  sigiul  plus 
noise.  It  is  further  known  that  for  smali  values  of  2£/No,  one  gets  a  large 
amount  of  equivocation  with  large  ensembles,  and  a  relatively  small  amount 
with  small  ensembles.  As  the  value  of  2E/No  is  Increased,  however,  the 
equivocation  in  bits  Is  decreased  much  faster  in  large  ensembles  than  In 
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small  ones.  (See  Figure  B-3  for  an  Illustration  of  this  relation.)  For  each 
value  of  2E/Ni),  therefore,  there  is  an  information  rate  per  symbol  or  per 
message  for  each  ensemble  slae ,  and  for  each  such  value,  there  is  an  optimum 
ensemble  siie  for  the  rate  of  information  How. 

The  curves  in  Figure  8*3  Illustrate  this  fact  As  mentioned  above,  each 
plots  a  different  value  of  2E/No*  According  to  the  curves,  for  each  signal* 
noise  energy  ratio,  there  is  an  ensembj  Mze  which  leads  to  a  maximum  rate 
of  informaticn  flow.  Ensembles  smaller  than  this  do  not  have  suffkient 
entropy  to  justify  the  capacity  of  the  channel.  In  other  words,  the  capacity 
of  the  channel  Is  so  great  in  relation  to  the  entropy  of  the  ertsemble  that  a 
large  amount  of  channel  capacity  is  wasted.  Conversely,  ensembles  greater 
than  this  are  too  large  for  the  capacity  of  the  channel.  And  as  Shannon  has 
shown  if  one  attempts  to  transmit  at  a  rate  greater  than  the  capacity  of 
the  channel,  one  incurs  too  great  an  increase  in  error. 

One  is  tempted,  of  course,  to  think  further  ir.  terms  of  Shannon’s  funda¬ 
mental  theorem  and  to  search  for  the  ideal  code,  one  which  will  permit 
information  flow  at  a  rate  near  the  channel  capacity  with  arbitrarily  small 
error.  The  theorem,  however,  assumes  inflnlte  time  for  transmission  and 
cannot  be  applied  to  a  flnlte  system.  It  is  based,  moreover,  on  an  existence 
proof.  Although  wc  know  that  the  code  exists,  it  is  not  deflned.  Vet  despite 
these  llmitatlcns,  the  concept  remains  useful,  foi  it  does  state  a  bound-  or 
standard,  against  which  to  compare  i>erformance.  It  represents  nn  Ideal  In 
terms  of  which  the  efflciency  of  the  real  can  be  Judged. 

In  voice  communication  studies,  for  example,  one  may  find  that  through 


8-18 


ELECTRONIC  COUNTERMEASURES 


Intelligent  experimentation  It  Is  poBiiblc  to  determine  gcneriJ  rules  UKful 
in  estsbliihing  the  best  ol  a  set  of  procedures.  Consider,  m  tn  illustmtion, 
the  reading  rate  established  in  a  Standing  Operating  Procedure.  It  is  dcsirod 
to  determine  the  optimum  reading  rate  based  upon  the  actual  situation 
encountered.  In  other  words,  since  the  human  compontiU  adds  dexibiiity  to 
the  communicatlono  system  in  that  it  allows  the  system  to  adapt  to  unfore¬ 
seen  circumstances,  It  would  be  valuable  to  establish  ruks  upon  which 
Individual  staiiding  (grating  procedures  could  be  based.  Any  givsn  pro¬ 
cedure,  therefore,  would  not  be  standard  for  all  situations,  but  for  particular 
kinds  of  situations.  Such  knowledge  should  help  increaK  the  information 
How  and  decrease  equi'-ocatlon.  It  should  enable  one  to  approach  the  best 
possible  conditions. 

8-2.2  Decoding 

A  second  general  area  in  which  further  study  is  essentia!  is  that  of  de¬ 
coding  and,  most  especially,  the  function  of  the  human  being  on  the  receiv¬ 
ing  end  of  a  communications  system.  To  understand  the  problems  raised 
here,  one  must  be  somewhat  familiar  with  not  only  the  concepts  of  Shan¬ 
non’s  theory,  but  also  with  three  concepts  from  statistical  decision  theory. 
Let  us  flrst  state  them  flatly  and  then  proceed  to  an  explanation  of  each. 
They  are:  (1)  Woodward  and  Davies’  assertion  that  a  statement  of  a 
posteriori  probabilities  contains  al!  the  information  in  the  received  signals; 
(2)  Van  Meter’s  recently  advanced  conclusion  that  decisions  on  parts  of  a 
message  should  be  made  to  preserve  as  much  Information  as  possible,  while 
decisions  on  the  total  message  should  be  made  in  relation  to  some  other 
criterion,  such  as  the  neces.s!ty  for  action;  and  <3)  Wald’s  concept  of 
sequential  observation  as  more  efficient  than  fixed  time  observation  in  that 
the  same  error  restrictlcns  can  be  satisfied  with  leu  average  time.  In  the 
(allowing  dlscuuion,  each  of  these  ideas  will  be  ap')lied  to  the  ansJyaii  of 
the  problem. 

Basic  to  the  discussion  is  Woodward  and  Davies’  concept.  Tliey  have 
shown  that  a  statement  of  a  posteriori  probabilities  contains  all  the  infor¬ 
mation  contained  in  a  receiver  input.  This  concept  merely  restates  the  one 
made  earlier— that  It  does  not  mutter  which  end  of  the  communication 
system  one  looks  through;  the  information  remains  the  ume.  With  decoding, 
however,  there  Is  the  danger  of  losing  information.  Doubtful  signals  must 
be  decoded  with  one  meaning  or  another.  As  long  as  one  is  dealing  only 
with  the  signal,  there  is  a  poulbility  of  correction  of  error.  Once  the  decision 
at  to  its  meaning  Is  made,  however,  information  can  and  will  be  lost. 

'I'his  concejU  is  important  because  It  yields  a  genera!  rule  fur  the  question 
of  when  to  decode.  According  to  this  concept,  one  should  decode  only  when 
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a  decision  Is  necessary  for  some  consideration  beyond  those  involving  in¬ 
formation.  It  may  be  necessary,  for  example,  for  the  information  to  be 
relayed  to  another  station  by  different  means.  The  relay  chsnnei  may  not 
have  the  capacity  to  transmit  the  received  signal.  In  such  a  case,  the  infor¬ 
mation  must  be  decoded  and  sent.  Or  the  nature  of  the  message  may  be 
such — the  p7esen<:e  of  unidentified  aircraft  approaching  in  force — that  one 
wiilingiy  incurs  the  lots  of  information  so  that  necessary  action  may  be 
taken.  In  the  iatter  case,  the  need  for  action  quite  obviously  overrides  the 
need  to  preserve  Information.  In  other  cates,  however,  where  no  such  deci¬ 
sions  are  necessary,  the  preservation  of  information  U  of  main  concern. 

This  conclusion  is  certainly  consistent  with  the  concept  recently  advanced 
by  Van  Meter.  He  presents  the  view  that  ail  efforts  should  be  directed 
toward  preserving  information  until  the  need  fur  action  arises.  It  may  be 
necessary,  for  example,  to  make  a  decoding  decision  because  of  a  storage 
limitation.  If  this  necessity  should  arise,  the  decision  should  be  bated  upon 
criteria  designed  to  preserve  as  much  information  u  possible.  To  preserve 
information  should  ^  the  major  concern  in  every  situation  except  that  in 
which  action  becomes  necessary.  Only  then  should  the  criteria  be  changed 
to  base  the  decision  on  getting  the  best  possible  results  for  the  action.  In 
other  words,  until  there  are  uses  for  the  information,  ai!  efforts  should  be 
directed  toward  storage  of  information  as  such.  When  the  uses  exist,  the 
efforts  should  be  directed  toward  optimising  the  use. 

The  importance  of  these  concepts  is  apparent  when  a  human  component 
on  the  receiving  end  of  the  system  is  considered.  There  are  many  things 
about  him  that  one  needs  to  know,  most  ecpecially,  how  he  stores  and  de¬ 
codes  the  message.  Does  he  decode  unit  by  unit,  symbol  by  symbol?  In 
other  words,  is  hs  like  a  novice  trying  to  hold  a  conversation  in  a  foreign 
language,  translating  etch  word  as  It  comes  up?  Or  does  he,  like  a  fluent 
speaker,  preserve  sentence  alter  sentence  in  his  mind,  until  he  must  act, 
that  is,  reply  to  the  one  he  is  speaking  to?  Does  he,  therefore,  store  infor¬ 
mation  as  far  as  possible,  making  decisions  only  when  there  is  some  com¬ 
pelling  reason  to  do  so?  Suppose,  further,  that  the  time  has  come  to  act, 
that  it  Is  time,  for  example,  for  im  to  transmit  to  another  station  that 
information  which  he  hu  so  far  rs..  '.ved.  Upon  what  criterion  has  he  acted? 
Did  he  make  his  decision,  as  suggested  by  Van  Meter,  with  a  view  toward 
preserving  as  much  Information  as  possible?  If,  on  the  other  hand,  he  has 
decoded  so  that  action  may  be  taken,  has  the  decision  been  based  upon 
principles  that  will  bring  about  the  best  possible  outcome  of  the  action? 
These  questions  clearly  indicate  that  the  inclusion  of  a  hunnan  component 
In  a  communications  system  raises  many  problems  which  require  further 
study. 
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Still  another  problem  deserving  further  tesearch  is  suggestied  by  Wald’s 
concept  that  a  sequential  observation  Is  more  efficient  than  a  flxed-tlme 
observation  In  that  the  same  error  restrictions  can  be  sa..  tiled  in  an  average 
of  half  the  time.  The  foiiowing  illustration  may  clarify  i  concept.  SuppoN 
a  man  has  been  invited  to  deliver  a  lecture.  If  he  is  important  enough,  he 
might  conceivably  elKt  to  put  his  lecture  on  tape  and  have  It  played  for 
his  audience.  To  do  this,  however,  he  will  have  to  estimate  in  advance  the 
level  of  knowledge  of  his  audience,  the  conditions  in  the  auditorium,  their 
attentiveness,  and  nuny  other  factors.  He  will  have  to  make  his  recording 
on  the  basis  of  his  estimate  of  what  the  average  conditions  will  probably  be. 
If  hf  speaks  in  person,  however,  he  can  base  some  of  hLs  decisions  on  Infor¬ 
mation  he  collects  as  he  speaks.  He  may  be  able  to  Judge  from  the  facial 
expressions,  nods  of  the  head,  etc.,  when  each  successive  ides  has  been 
understood.  Thus,  ho  dwells  on  each  Idea  until  he  receives  confirmation 
from  the  audience  that  it  Is  satisfied.  On  some  of  the  Ideu  he  may  spend 
a  longer  time  than  he  would  have  had  he  taped  hU  speech  In  adva^Ke.  In 
others  he  may  And  he  does  not  need  to  sp^rd  as  much  time.  On  the  average, 
assuming  that  it  is  a  long  speech  containing  many  ideas^  the  speech  would 
require  less  time  per  idea  if  he  delivered  the  talh  in  person  than  if  he  taped 
it  in  order  tc  achieve  the  same  level  of  understanding  on  the  part  of  the 
audience. 

In  effect,  the  tape-recorder  example  Is  analogous  to  the  problem  Involving 
flxed-tlme  observation.  With  a  pre-established  code— cne  constructed  in 
advance — we  must  work  upon  the  principle  of  averages.  We  accept  a  time 
unit  which,  on  the  average,  should  give  us  a  reasonable  probability  of 
certainty,  though  we  recognize  and  accept  the  fact  that  error  is  present.  It 
Is  like  planning  a  stock-buying  campaign  in  advance.  We  know  that  we  will 
make  errors  somewhere  in  our  estimates  and  calculations,  so  we  must  make 
our  plans  on  the  average  If  we  are  to  have  any  success.  We  have  to  accept 
error.  In  a  eimi^Hr  fashion,  with  flxed-time  observation  in  a  finite  system, 
we  must  also  accept  a  degree  of  error. 

On  the  other  hand,  the  sequential  observation — and  our  speaker  permits 
his  audience  to  act  sequentially — enables  us  to  operates  more  efficiently. 
Instead  of  operating  on  averages  alone,  averages  which  may  not  be  at  all 
descriptive  of  a  given  situation,  the  observer  makes  use  of  information 
immediately  available.  Thus,  instead  of  observing  for  a  fixed  length  of  time, 
he  observes  only  up  to  the  point  at  which  he  achieves  a  certain  level  of 
confidence.  To  follow  up  our  stock  market  analogy,  with  sequential  observa¬ 
tion,  we  would  not  plan  the  campaign  in  advance,  but  would  make  our 
decision*}  on  purchases  and  sales  on  the  basis  of  day  to  day  information.  We 
would  have  a  clearer  picture  of  the  situation  in  which  we  are  operating  end 
thus  should  be  able  to  reduce  error. 
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Perh«p«  the  most  signitlcant  fact  about  sequentU!  observaUon  Is  that  the 
observer  has  coctroi  of  the  length  of  obiervat2t«n  time.  Once  he  has  the 
information,  or  haa  achieved  his  degree  of  confidence,  he  doe:  not  have  to 
mute  time  by  building  in  redundancy  or  error-correcting  devices.  He  can 
acc^t  the  signal  aiid  go  on  to  receive  additional  information.  Or.  the  averace.- 
the  observer  who  operates  according  to  W'ald’s  concept  cuts  the  length  of 
time  to  the  point  of  removal  of  uncertainty  to  about  half.  Thus,  he  raises  the 
degree  of  certainty  per  unit  time. 

Since  tequentiai  observation  is  so  significant,  one  may  well  sek  how  this 
kind  of  process  may  be  built  into  a  communications  system.  The  block 
diagram  in  Figure  8-1  contains  the  means  which  makes  this  kind  of  obser¬ 
vation  possible — the  feedback  channel  which  serves  the  same  function  as 
the  audience’s  reaction  did  in  the  speaker  example.  Only  a  low-capacity 
channel  is  needed  since  its  sole  function  is  to  transmit  to  the  source  the 
information  that  the  receiver  has  now  completed  an  observation.  The  re¬ 
ceiver  listens  to  the  signal  until  he  Is  in  a  position  to  accept  one  of  the 
symbols  with  a  satisfactory  degtec  of  confidence.  At  this  point,  he  transmits 
c«rer  the  feedback  channel  a  single  binary  digit  which  states  that  he  le  now 
ready  to  start  .H?*r^mtion  of  the  next  symbol.  The  capacity  required  of 
the  feedback  cber"-  ...  mis  way  is  at  most  one  bit  per  symbol.  By 

using  :Liii  tr"-  human  observer  in  a  communicationa  system  can 

obaerve  seq  .Miy,  He  a.,  satisfy  the  same  error  restrictions  as  in  fixed¬ 
time  obMrvation  in  an  average  of  ^If  the  time. 

Since  sequential  observation  might  increase  the  efficiency  of  a  communi¬ 
cations  system  to  such  a  marked  degree,  and  since,  also,  the  bunun  com¬ 
ponent  may  serve  as  such  an  observer,  it  is  clearly  important  to  know  the 
extent  to  which  the  human  operator  can  act  as  a  sequential  observer.  It 
will  be  noted  also  that  this  type  of  observation  adds  a  desirable  kind  of 
flexibility  to  the  communications  system  since  it  allows  design  decisions  to  be 
delayed  until  the  precise  environment  Is  known  in  which  the  system  is  oper¬ 
ating.  Studies  in  this  aroa,  therefore,  should  provide  information  for  improvi.ng 
the  efficiency  of  communications  systems. 

8.2.3  Use  of  Redundancy 

A  third  problem  requiring  further  analysis  and  research  Is  that  of  the 
use  of  redundancy  In  a  communications  system.  The  term  redundancy  as 
used  here  is  that  jraction  oj  the  structure  of  the  message  determined  not  by 
the  free  choice  oj  the  sender,  but  rather  by  the  accepted  statistical  rules 
governing  the  use  oj  the  symbols  in  question.  Varying  degrees  of  redundancy 
may  be  built  into  any  system.  The  amount  of  redundancy  (actually  about 
SO  percent)  in  the  use  of  letters  >n  the  English  language  was  already  shown 
In  the  Introduction,  and  it  was  discussed  above  (in  terms  of  the  second 
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concept  frotr  Shunnon’i  tlMory)  hew  radundiKy  c«n  be  built  directly  into 
1  RWfwge.  Such  redundancy,  of  courie,  decrease*  the  information  tran(> 
initted  but  add*  fne<i*iirab!y  to  the  degree  of  certainty  with  which  the 
meeaase  is  received.  It  serve*,  in  effect,  a*  an  error-correcting  device. 

Fundamental  to  this  di*cus*ion  of  redundancy  is  the  first  concept  from 
Shannon’s  theory  (that  the  rate  of  informatim  flow  is  the  same  viewed 
from  the  standpoint  of  either  the  transmitter  or  receiver).  'I'his  cancept  U 
very  important  in  understanding  the  eflectivences  of  the  performance  of 
the  total  system.  The  reader  should  refer  back  to  the  Arat  example  given  in 
the  discuMion  of  this  concept,  that  in  which  the  uncertainty  of  the  tnu»- 
.  itter  was  reduced  from  two  bit*  to  one  bit,  that  of  the  receiver  from  one 
bit  to  none,  so  that  in  each  case  tlie  uncertainty  was  reduced  by  one  bit.  In 
this  case,  the  a  priori  uncertainty  of  the  receiver  was  not  matched  to  that 
of  the  transmitter.  Wf'th  the  mismatch,  there  must  be  some  equivocation 
at  one  end  of  the  channel.  It  is  only  when  the  two  ensembles  are  matched 
that  equivocation  can  go  to  sere  at  both  ends  of  the  channel.  Thus,  the 
uncertainty  of  the  receiver  should  be  matched  to  the  uncertainty  of  the 
transmitter,  a  matching  which  can  be  achie'/ed  only  through  the  use  of  « 
priori  information — that  is,  when  the  receiver  has  knowledge  of  the  message 
ensemble. 

This  fact  suggests  the  necessity  of  matching  the  enKmble  of  the  trans¬ 
mitter  with  the  ensemble  of  the  receiver.  Consider  the  following  iiiustrations. 
Suppose  the  ensembles  are  completely  unmatched  and  that  an  audience 
which  understands  only  English  suddenly  flnds  itself  being  lectured  to  in 
Japanese.  Since  there  is  almost  no  relation  between  the  languages,  the 
message  ensemble  of  the  speaker  is  totally  unknown  to  the  listeners,  and 
little  or  no  communication  takes  place.  The  problem  exists,  moreover,  even 
when  the  enMmbies  are  partially  matched.  Suppose  our  lecturer  speaks 
English,  but  has  in  mind  a  frame  of  reference  for  his  words  different  from 
that  of  his  audience  (he  is  of  a  different  religion  or  political  party,  or  has  a 
different  social  or  economic  view).  It  is  possible  that  they  may  understand 
the  iirords,  but  may  be  pusxled  or  confused  as  to  his  meaning.  He  is  using 
an  ensemble  that  they  do  not  understand,  and  his  message,  perhaps,  does 
not  get  through  to  them  at  all.  Everyone  is  familiar  with  such  common 
misunderstandings,  even  In  the  conversation  of  friends  of  long  standing, 

Essentially,  therefore,  the  problem  is  one  of  the  use  of  a  priori  informa¬ 
tion,  of  giving  the  receiver  knowledge  of  the  message  ensemble.  In  our 
latter  example,  the  speaker  may  evaluate  his  audience  in  advance  and  adjust 
his  ensemble  to  the  average  to  be  expected.  Or  in  seeing  the  puzxled  looks 
on  the  listener’s  faces,  he  may  restate  his  ideas  in  other  forms — in  other 
words,  he  may  change  the  ensemble  to  At  theirs  and  so  get  through  to  them. 
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In  otJbcr  liutKOcei,  tb«  audience  itieU  may  havt  acquired  infcrauition 
concerztinf  Um  point  of  view  or  framo  of  refartsce  of  tiM  c^Maker  (Studenti 
fs^uestly  "caae”  their  profneon  in  this  way.)  Thui,  they  know  in  effect 
the  raeu^fe  enMtnbic,  and  mliunderetanding  is  less  likely  to  occur.  In  e 
coeununications  lystens,  however,  if  the  tneeeafe  ensemble  is  of  considerable 
siss,  the  memory  of  the  human  operator  nuiy  be  severely  taxed. 

!i  is  important,  therefore,  to  And  meaiu  by  which  the  human  memory 
may  be  helped.  To  be  aure.  Miller  has  reported  some  interesting  studies 
sucgsstlng  that  human  memory  is  quite  restricted.  Nevertheless,  even 
tbouf^  this  may  be  true,  there  are  means  available  which  can  certainly 
help.  The  human  being  does  not  have  to  rely  upon  unaided  memory,  for 
the  i»6  of  memory  aids  can  help  him  to  a  rather  substantial  and  quite 
accurate  memory.  One  such  memory'  aid  is  the  mep  used  in  ccmm'unication 
studies  at  lire  Univereity  of  Michigan. 

This  map  is  useful  because  it  gives  the  receiver  a  priori  knowledge  of 
the  mesaage  ensemble  and  thus,  at  least  under  tMt  conditions,  sccomplIshiM 
the  matching  of  the  uncertainty  of  the  receiver  to  tire  uncertainty  of  the 
transmitter.  In  this  test,  each  of  the  messages  is  a  route  on  the  map  illus¬ 
trated  in  Figure  8-4.  The  starting  point 
is  the  position  Y,  hesvily  marksd  In  the 
center  of  the  map.  Progress  along  the 
route  is  only  to  connected  neighboring 
towns,  and  the  route  does  not  double 
back  upon  Itself.  Thus,  there  are  four 
possible  moves  from  v — to  0,  J,  A,  or 
C.  If  the  move  i..  to  O,  three  possibilities 
follow:  to  E,  7?,  or  fi.  Each  message 
consists  of  six  towns,  as  for  example, 
that  marked,  OETRVE. 

The  receiver  mey  act  either  ujxtn 
Axed-time  observation  or  sequential  ob¬ 
servation.  If  he  observes  sequentially, 
the  name  of  the  town  Is  repeated  until 
the  receiver  transmits  over  the  feedback 
channel  a  single  digit  denoting  that  he  ha.s  received  the  signal  with  a 
satisfactory  degree  of  conAdencc.  By  having  the  map  available  as  a  memory 
aid,  the  receiver  can  readily  identify  the  received  message  as  one  of  972 
possible  routes.  It  is  possible,  however,  that  the  received  map  may  not  be 
one  of  these  routes.  It  it  Is  not,  it  is  still  possible  for  the  observer  to  choose 
the  most  likely  of  those  messages  actually  in  the  ensemble.  Thus,  in  the 
typical  route  ueed  above,  he  would  probably  select  that  one  es  the  correct 
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RieaMge,  2v«n  though  he  extually  received  ODTRVE,  a  route  '.rhich  is  not 
in  the  ensemble. 

Results  of  this  test  suggest  that  memory  aids  of  this  type  can  complement 
human  memoiy.  Such  use  of  rciundancy,  of  giving  the  receiver  knowledge 
of  the  message  ensemble  and  thus  matt^ing  his  uncertainty  to  that  of  the 
transmitter,  can  increase  the  efficiency  of  communications  systems.  Further 
research  in  this  area  is,  therefore,  clearly  indicated. 

8.2.4  Snsmiucry 

Analysis  of  the  communications  problem  reveals  a  number  of  areas 
whore  further  research  is  essential  If  we  are  to  understand  fully  the  nature 
of  the  system  and  the  relation  of  the  various  parts  to  the  efikleut  func¬ 
tioning  of  the  srhole.  The  role  of  the  human  being,  whether  he  is  on  the 
transmitting  or  receiving  end,  is  particularly  significant  here.  As  observed 
throughout,  the  human  operator  adds  flexibility  to  a  system.  His  presence 
may  allow  a  number  of  paremateri  to  remain  unspecified  until  the  system 
begins  to  cerate  in  a  particular  environment.  Once  fn  the  environment,  the 
human  being  may  adjust  to  the  specific  conditions  he  finds  and  perform 
more  efficiently  than  present  mechanical  devices.  Since  he  can  serve  so 
important  a  function,  it  becomes  imperative  to  determine  the  effect  of  his 
behavior  on  the  system  as  a  whole. 

From  the  standpoint  of  coding,  one  would  like  to  know  the  effect  of 
reading  rate,  volume,  tone,  inflections,  and  so  forth  on  the  efflciency  of  the 
system  with  a  view  toward  determining  general  rules  for  establishing  the 
bast  possible  procedures  for  situations  in  which  the  operator  may  find  him¬ 
self.  At  the  other  end  of  the  system,  more  Information  is  needed  on  the 
capacity  of  the  human  component  for  storing  or  decoding  information  and 
OP.  his  ability  to  make  decisions  to  optimise  either  Information  or  utilities. 
We  alio  need  to  know  much  more  concerning  the  human  being’s  ability  to 
observe  sequentially  and  to  make  use  of  redundancy  in  «  communications 
system.  We  would  like  to  know  the  extent  to  which  he  can  incorporate 
a  priori  information.  Increased  knowledge  in  all  of  these  areas  will  improve 
our  understanding  of  the  communications  lyttem,  Such  an  understanding 
will  then  help  in  evaluating  the  effectiveness  of  any  countermeasures 
program. 

8.S  The  R»di»r  Problem 

Although  at  first  glance,  the  problem  u!  the  human  component  In  a  radar 
system  would  seem  to  be  different  frem  that  in  a  communication  system,  it 
is  in  many  ways  much  the  .ume.  To  be  sure,  there  are  significant  differences 
between  radar  and  communication  systems,  differences  which  require  that 
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they  be  treated  leparitely.  NonethelcM,  m  the  present  analysis  will  show, 
Insofar  as  the  human  role  is  considered,  the  similarities  are  greater  than 
the  differences.  This  analysis  is  based  upon  a  specifle  problem;  the  possible 
Influetice  of  human  performance  on  the  range  of  n  radar.  Despite  the  i^eciflc 
nature  of  the  problem,  however,  it  reveals  certain  pertinent  questions  regard¬ 
ing  human  performance  In  a  radar  system  in  general— questions  which  are 
the  same  es  those  encountered  in  the  discussion  of  the  communications 
system. 

Before  the  analysis  can  be  started,  however,  certain  background  material 
must  be  clearly  understood.  Since  a  radar  system  is  a  sensory  systsm,  the 
function  of  such  a  system  is  particularly  pertinent  here.  Consider  the  block 
diagram  shown  in  Figure  8-5.  The  area  within  the  dotted  lines  on  the 


Fiouai  S-5  Rtittloni  of  KunctlonsI  Blocks  in  •  l.ar|e  System 

chart  is  of  concern.  The  sensory  system  is  what  gives  one  the  observation; 
the  l{x)  (likelihood  ratio)  is  what  ona  gets  from  the  observation.  The  l(x) 
computer  calculates  likelihood  ratios  and  can  compute  only  a  Unite  number 
of  them. 

As  can  bo  seen  f;cm  this  chart,  the  sensory  system  is  really  a  part  of  a 
larger  one,  and  its  effkiont  operation  must  depend  upon  instructions  from 
the  larger  system.  That  is,  the  larger  system  must  determine  the  likelihood 
ratioB  relevant  to  the  particular  situation  and  time.  These  instructions  are 
sent  into  the  sensory  system  by  the  distribution  computer. 
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In  simikr  itehion,  bcfort  the  qu»t*on  of  dacltlona  cen  be  considered,  it 
it  neceisary  to  know  how  the  sensory  system  flte  into  the  Jereer  unit.  For 
exempSe,  if  the  function  of  the  sensory  system  is  to  transmit  data  to  a  data 
procesilng  center,  it  shouid  be  concerned  with  transmitting  as  much  infor¬ 
mation  as  possible.  Its  function  should  be  to  prtMerve  infotmatlon,  not  to 
act  upon  utilities.  If,  on  the  other  hand,  the  output  is  used  to  make  a 
decision  to  take  action,  the  decision  computer  must  consider  the  utilities  of 
the  decision.  This  problem,  it  wili  be  ofaMrved,  is  similar  to  that  dLcusied 
in  Section  8.2,2.  Finally,  if  the  equipment  is  to  be  used  for  making  dsetsiens, 
the  information  fed  into  it  from  ot^r  parts  of  the  system  ^lould  be  choeen 
by  criteria  for  information  preservation,  That  is,  we  should  need  the  decision 
computer  input  information,  not  decisions. 

The  importance  of  this  background  becomes  Immediately  apparent  when 
it  is  applied  to  the  particular  problem  of  the  radar  system.  The  more  infor¬ 
mation  fed  into  a  sensory  system  from  the  outside,  the  lets  has  to  be 
proceeted  by  the  system  itself.  This  fact  it  of  the  utmost  importance  in  a 
radar  system.  A  signal  In  noise  has  a  capacity  for  carrying  information, 
or,  in  other  words,  reducing  uncertainty.  Since  this  is  true,  the  deletion 
range  of  d  radar  is  a  function  not  only  of  the  energy  of  the  pulse  'etum 
and  the  noise  level  at  the  receiver  input,  but  else  of  the  amount  of  infor- 
nuition  which  must  be  processed.  Thus,  there  it  a  relation  betsreen  the 
amount  of  information  to  be  processed  and  the  range  of  the  Mt. 

If  the  a  priori  uncertainty  U  large,  the  energy  of  the  return  must  be 
correspondingly  larger  to  reduce  the  uncertainty  to  a  designated  value.  If, 
however,  «  priori  information  has  reduced  the  uncertainty,  the  energy  rn- 
quired  Is  less  by  an  amount  dependent  upon  the  degree  of  the  uncertainty. 
Consider,  for  example.  Figure  8-6.  Here  it  c2b  be  seen  that  it  if  possible 
to  achieve  a  degree  of  certainty  of,  say,  .98  with  less  energy  as  the  number 
of  elternatives  among  which  the  choice  is  made  is  decreased.  It  is  clearly 
Important,  therefore,  to  reduce  the  uncertainty  as  much  as  possible  before 
the  set  is  asked  to  operate. 

Suppose,  for  example,  that  our  knowledge  of  the  enemy  is  sufficient  to 
ascertain  that  we  can  expect  perhaps  four  pouibie  targets,  some  260  loca¬ 
tions,  and  an  Infinite  number  of  tlmee  during  which  the  target  may  appear. 
Clearly,  this  Is  a  vast  amount  of  Information,  of  uncertainty,  to  be  pro¬ 
cessed.  If,  however,  we  can  feed  information  Into  the  set  or  system  which 
will  assign  a  high  a  priori  probability  to  one  particular  target,  a  smaller  set 
of  locations,  and  a  limited  number  of  times,  we  decrease  the  uncertainty, 
require  iese  energy  to  reach  a  deaignated  level  of  certainty,  and,  in  effect, 
increase  the  range  of  the  radar.  In  other  words,  it  would  be  possible  to  pick 
up  the  target  while  it  is  still  farther  cut. 
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There  are  a  number  of  myt,  of 
courM,  in  which  thii  can  b«  accom- 
plifhed.  A  better  definition  of  the  eignale 
that  appear  will  certainly  help.  Alao, 
when  the  r^dar  it  integrated  into  a  rye- 
tem  in  wnich  Information  from  other 
aetd  is  available,  such  information  can 
be  incorporated  ae  a  priori  information 
for  the  radar  operator.  Thus,  the  leneory 
lyitlem  <the  radar)  must  be  seen  in  re- 
Satio^  to  A  larger  system;  the  efficiency 
of  tht.  nm-ry  lyrtem  will  depend  upon 
instructici,  'rorr  Jtat  system.  Only  then 
can  one  know  witat  the  system  can  be 
expected  to  do. 

Detection,  moreover,  should  be  based, 
as  far  u  is  possible,  on  sequential  ob¬ 
servation.  That  is,  detection  should 
come  as  s  result  of  integrated  infonna- 
tion  rather  than  as  a  result  of  ;  series  of  individual  decisions.  The 
presence  or  absence  of  «  target  should  not  be  decided  at  each  scan  of  the 
antenna  for  each  re«oIvablc  unit  of  apace  as  displsytd  on  the  radar  Kope. 
Rather,  energy  should  be  integrated  from  eesn  to  scan  until  it  is  possible  to 
make  a  decision  in  accordance  with  a  certain  level  of  confidence.  It  Is 
important,  therefore,  that  information  be  preserved  until  such  time  as  a 
decision  must  be  made.  Preservation  of  information  is  the  most  Important 
criterion  until  a  decision  for  action  must  be  taken. 

To  a  large  extent,  a  consideration  of  all  these  facts  affects  estimation  of 
radar  range  only  in  the  way  in  which  the  performance  of  the  decision¬ 
making  device  is  incorporated.  It  is  independent  of  the  physical  or  electrical 
pre^rties  of  the  radar  except  insofar  as  these  may  be  modified  in  the  light 
of  information  being  collected.  The  flexibility  introduced  with  the  human 
component  is  important  here.  Under  certain  conditions,  the  operator  may 
elect  to  employ  a  reetricted  or  selacted  portion  of  scan  or  restricted  range, 
operations  which  can  influence  the  total  anergy  of  returns  from  targets.  Thus, 
in  a  radar  net,  another  set  may  give  Information  concerning  a  certain  target, 
including  place,  direction,  and  speed.  Such  Information  may  lead  the  operator 
to  elect  a  particular  scan  or  range.  He  will  require  icis  energy  to  pick  up  the 
target  and  hence  Increase  the  range. 

This  section  of  the  chapter,  therefore,  will  consider  the  Important  qwtion 
of  the  effect  of  operator  performance  on  radar  range — an  effect  whlcti  •‘’ll 
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bu  confldersd  In  tersts  of  flx.id  Kun  condlUoni.  stid  fixed  cocditlona  for 
reage  of  March.  !n  lernu  of  theee  uevimptioRt,  tha  evaluation  of  the  elgca! 
and  cl  receiver  cfflclency  will  be  concldered  firet.  In  this  way,  It  should 
then  be  poulble  to  determltie  operator  cStelency,  Such  analytia  will  iUua> 
trate  the  relevant  psychophyaical  areaa  for  the  atudy  of  radar  operator 
perfcrmattce. 

8.S.1  The  Aaaumad  Sfcsal  Evi^uatlon 

Since  operator  efficicricy  must  be  seen  In  terma  of  both  the  efficiency  of 
the  ilgnsl  and  that  cf  the  receiver,  theM  two  areas  must  be  considered 


Fycurk  ft-7  Thrt*  Pointi  of  £ffle!«ncy  Mtftiurttnenti  in  fi  Rsidir  System 

ftrst.  The  block  diagrtm  In  Figure  8*7  will  perhaps  help  clarify  the  problem. 
Here,  the  sensory  system  deKribed  in  the  introduction  to  this  section  is 
Incorporated  into  a  railar  system,  and  the  three  points  of  measurement  for 
signal,  receiver,  and  observer  efficiency  are  illustrated.  In  other  words,  a 
measure  for  determining  signal  efficiency  is  needed  first.  Tnis  factor  must 
be  modified  by  receiver  efficiency,  and  the  combined  factor  further  modified 
by  operator  efficiency.  In  this  way,  one  can  learn  what  performance  may 
reasonably  be  expected  of  a  radar  system,  for  the  tj  (efficiency)  is  a  varkbla 
that  can  be  dealt  with  practically  and  Is  measurable  in  some  capfriinental 
situations.  There  is  no  reason  why  It  cannot  be  used  In  the  future  in  in¬ 
creasingly  complex  ones. 

Let  us  turn,  then,  to  the  question  of  signal  evaluation  to  determine  the 
basic  factor  in  terms  of  which  the  receiver  and  operator  efficiency  must  be 
seen.  According  to  the  theory  of  signal  detectability,  the  most  important 
parameter  for  such  evaluation  is  the  ratio  2E/Ni)t  where  E  is  the  signal 
energy  and  Nu  Is  the  noise  power  i^er  unit  bandwidth  (see  Ap|>endix).  This 
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ratio  can  b«  uied  to  fuinish  th«  bails  not  only  for  dsclslon  tasks,  but  also 
for  recognition  ones.  That  ie,  whsn  two  possible  signals  are  pretenied  and 
one  is  subtracted  from  the  other,  the  dlfTcfence  signal  obtained  has  energy 
which  goes  into  the  lEjNp.  ratio,  which  tells  how  well  one  can  discriminate 
between  the  two  signals.  Since  this  is  true,  It  Is  therefore  assumed  that  the 
signal  «ivsluation  at  least  furnishes  (he  basis  for  calculating  an  expected 
value  o£  the  ratio  as  a  function  of  the  range  of  the  radar  from  the  target. 
Once  the  value  of  2£/A'j  has  been  determined,  the  efRciency  of  the  human 
ncmponent  can  be  worked  out. 

For  the  purpose  of  this  discussion,  a  number  of  aui  '  's  have  been 
made.  Figure  8-9  assunoes  a  value  of  2B/Nz  ==  1.00  'Hum^  the  range  Is 
1.00.  It  further  assumes  that  the  signal  power  of  the  echo  varies  directly 
with  the  fourth  power  of  the  reciprocal  of  the  range,  that  the  number  of 
pulses  returned  is  a  constant  independent  of  range,  and  that  the  noise  at 
the  receiver  input  is  Independent  of  range.  No  e^ort  Is  made  to  Justify 
these  assumptions;  they  have  been  made  only  to  furnish  a  buls  for  the 
demonstration  which  follows.  The  necessary  evaluative  procedure  is  not 
dspeudent  upon  them.  One  could  as  well  assume  that  the  noise  power  is 
increasing  with  range,  as  might  be  the  case  if  countermeasures  were 
employed. 


The  curves  shown  in  Figure  8-8  have 
taken  this  particular  form  because  of 
the  nature  of  the  hypothetical  ex¬ 
periment  upon  which  they  are  based. 
The  situation  Involves  t^v.  fast  mov¬ 
ing  objects  coming  tO);ei’.  (  fhe  lower 
of  the  two  curves  she  the  value  of 
2E/JVo  expected  for  each  target  Inter¬ 
ception.  The  second  Is  the  inU  grated 
value  assuming  that  the  target  l.s 
intercepted  ohee  every  time  the  range 
is  reduced  by  one  tenth  of  Us  original 
value.  Because  of  the  purtlculsr  na¬ 
ture  of  the  experiment,  the  last  value 
every  time  represents  the  major  por¬ 
tion  of  the  energy  of  the  integration, 
the  sum  of  the  energy  to  that  point. 
If  the  target  is  Intercepted  mure  fre¬ 
quently,  then  the  integrated  value  Is 
increased  proportionately  to  the  fre¬ 
quency  of  Interception. 
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Thui,  If  a  prioH  laformstioii  can  be  used  to  reduce  the  MCtor  teannett, 
increasing  the  frequency  of  the  intercept,  the  integrated  value  of  2£/A'o  is 
expected  to  increaie.  With  a  nwre  limited  sector,  one  can  sweep  faster  and 
get  more  interci^Uons;  at  the  same  time  one  picks  up  energy  ae  well.  The 
use  of  e  pHcri  information,  therefore,  limits  the  amount  of  information  to 
be  procei^,  increases  the  energy  from  the  target  return,  and  thus  affects 
the  range  of  the  radar.  Hence,  from  the  pdnt  of  view  of  the  human  operator, 
it  Is  important  to  know  the  extent  to  which  be  can  in»)rporate  a  priori  infor¬ 
mation.  Since  the  integrated  values,  moreover,  imply  eequratial  observation, 
the  questions  of  the  capacity  of  human  memory  and  of  the  use  of  memory 
aids  become  importsrt.  The  signal  evaluation  in  terms  of  2£//V'q,  there¬ 
fore,  raises  significant  psychophysical  questions  for  further  study. 

These  questions  are  pertinent,  even  though  the  assumptions  underlying 
the  particular  values  cf  2B/No  in  Figure  8-6  are  completely  arbitrary.  The 
necessary  evaluative  statement  remains  unchanged.  The  curve  could  be 
establiihsd  on  any  set  of  realistic  assumptions,  leading,  of  course,  to  a  more 
realistic  curve.  With  realistic  rather  than  assumed  values  of  3£//Vo,  one 
should  be  able  to  compute  more  accurately  the  efficiency  of  the  operator. 

8.8>2  Receiver  E£9iolency 

Given  the  value  cf  2£/Wo,  deilved  from  physical  data,  we  must  next 
modify  it  by  a  factor  of  receiver  efficiency.  This  occurs  at  the  second  point 
of  meaaurenMnt  shown  in  the  block  diagram  In  Figure  8-7.  To  a  large 
extent,  the  functioning  of  this  receiver  and  its  efficiency  will  depend  upon 
the  way  it  is  incorporated  into  the  system  anJ  the  function  it  is  dealgned 
to  serve,  If  there  is  an  operator,  as  there  li  in  the  block  diagram,  the 
purpoee  of  the  receiver  ie  only  to  transmit  information,  and  its  efficiency 
will  depend  upon  the  amount  of  Informstlon  it  can  transmit  in  terms  of  its 
capacity. 

If,  on  the  other  hand,  there  is  no  operator,  tlie  recnver  must  perform  its 
functions,  and  it  should  act  like  the  sensory  system  incorporated  in  the 
block  diagram  in  the  position  of  the  curator.  This,  however,  is  an  ideal 
observer;  in  practice,  the  efficiency  would  not  be  1.  Nonatbckss,  depending 
upon  the  function  that  the  receiver  must  serve — to  preserve  information  or 
to  act  upon  utilities — one  can  assign  an  efficiency  rating  (*?«)  which  will 
modify  the  value  of  2£/No  derived  from  the  evaluation  of  the  equipment. 
Once  again,  i;  is  a  real  value  which  can  be  used  in  the  evaluation  of  the 
system. 

8.SeS  Operator  Effideuey 

Once  we  have  arrived  at  the  value  of  2E/No  modified  by  >?«,  we  must 
next  modify  this  combined  value  further  by  a  consideration  of  an  operator 
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fictor,  Thii  occurs  «t  the  third  point  of  me«sursn>eni  in  tht  block 
diagram  in  Figura  8^7.  For  ease  of  calculation,  it  would  be  :onvenient  to 
assume,  es  has  sometimai  been  done,  that  this  is  a  crmstact  factor.  In  the 
past,  for  example,  tbs  human  factor  has  been  assigned  an  eiUcleney  of  .3. 
EspWiments  indicate,  however,  that  this  factor  is  not  a  constant,  that 
it  only  introducee  unneceasary  error. 

lu  order  to  underitsnd  the  variable  factor  Vg,  designating  the  dfkiency 
of  the  human  operator,  one  must  ftrst  understand  tba  terms  %  d\  and  the 
rslationahip  tjetween  these  factors  and  2Efffo,  since  observer  efRciency  is 
related  to  these  concepts.  The  definitions  are  based  upon  the  block  diagram 


Tiovn  1-9  BlorJt  Dhfrsm  Conesp- 
tusUsIns  yxptriaMaUl  Dtsien  {frum 
Tamtr  and  BkdiaU) 

shown  in  Figure  8-9,  reproduced  from  Tanner  and  Birdssil.  There  ere  four 
channels  the  nature  of  which  is  determined  by  the  position  of  the  switebee 
5i  and  St. 

Cii  is  an  ideal  channel  in  wdiich  the  transmitted  signs)  Is  known  exactly 
(SKE)  and  the  receiver  is  ideal,  that  Is,  in  relation  to  the  particular  trans* 
mitter.  Cu  is  a  channel  in  which  the  tratismitted  signal  is  known  exactly 
and  the  receiver  is  one  under  study.  Cn  is  one  in  which  the  signal  is  known 
statistically  (SKS)  and  the  receiver  is  Ideal.  (Note,  however,  that  this  is  a 
different  receiver  from  that  in  Cn,  for-  as  the  tr.snsmitter  changes,  the 
receiver  must  change,  since  it  is  ideal  in  relation  to  a  specific  transmitter). 
Finally,  Cts  is  a  channel  with  the  signal  known  statistically  and  <9 
receiver  one  under  study. 

Let  us  first  consider  an  experiment  with  Channel  C|g.  5i  is  in  pxMitlon 
1,  5jt  in  position  2.  Signal  energy  En  is  employed,  and  noise  power  per 
unit  bandwidth  No  is  added.  The  receiver’s  problem  is  to  observe  specified 
waveforms  and  to  determine  whether  the  waveform  contains  a  signal  plus 
noise  or  noise  alone.  Peiformance  over  a  large  number  of  times  can  be 
measured  in  terms  of  a  detection  rate  PtniA)— the  probability  that  if  a 
signal  was  presented,  it  was  accepted, — and  a  false  alarm  rate  Px(d) — 
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tb«  probkbiljty  ol  alone  being  accepted.  The  “hi;  rate*'  la  therefore 

The  aecond  experiment  b  e  mathematical  calculation.  It  Is  similar  i!>  the 
hrst  except  that  Cm  that  la,  an  ideal  receiver,  ia  employed.  With  5g  in 
poaiUon  i,  therefore,  the  experiment  is  repeated,  with  the  energy  of  the 
signal  attenuated  until  the  performance  attained  in  the  previous  experiment 
it  matched.  Thia  energy  ia  En.  The  eMciency  of  the  receiver  under  atudy 
(or  SKE  (hjt),  therefore,  may  be  defined  aa  EnjEit,  where  En  i*  fho 
energy  level  at  which  the  performance  is  matched.  The  measure  d'  is  then 
defined  by  the  equation 


<d')*  =  n* 


3Eia  _  3En 
No  No 


That  is,  (d')*  is  the  value  of  lEjNo  necessary  to  lead  to  the  observed 
performance,  given  SKE  and  its  ideal  receiver. 

Let  us  next  consider  a  second  pair  of  experiments,  both  of  which  are 
nuthematicai  calculation^.  The  channel  employed  is  Cn,  that  is,  the 
signal  is  known  statistically  and  the  receiver  is  an  ideal  otie  for  that  statis¬ 
tical  ensemble.  Energy  Em  and  noise  No  are  employed,  and  a  performance 
measure  is  establish^.  S<  is  then  moved  to  position  !,  changing  the 
channel  to  Cn  (and,  it  should  be  noted,  also  changing  the  ideal  receiver). 
Energy  is  attenuated  until  performance  is  matched  at  fin.  In  the  caso  of 
the  SKS,  this  permits  the  calculation  of  the  efAcienev  of  the  transmitter, 
for  the  SKS  as  fiii/figi.  At  this  point,  it  should  be  obvious  that  if  one 
proceeds  in  this  way  with  paired  experiments,  one  can  establish  a  receiver 
efficiency  for  any  SKS,  which  might  be  expressed  as  he,iKi)  =  fiai/^ss- 

One  ftnal  deftnition  remains  to  be  made,  7,  that  is,  operator  efficiency. 
Since  (d’)*  Is  the  value  of  lEjNo  needed  if  one  has  ideal  conditions,  for  a 
particular  experiment  r)  (d')*/(2£/;Vo),  where  £  Is  the  energy  used 
in  the  experiment.  The  relationship,  therefore,  is  one  between  the  energy 
used  under  ideal  conditions  and  that  required  in  a  rec.1  situation. 

With  these  deAnitioni,  we  can  turn  to  the  actual  calculation  of  %i,  the 
efficiency  of  the  human  operator  as  It  affects  the  performance  of  the  system. 
In  visual  experiments.  Tanner  and  Sweti  observed  that  d'  for  weak  ilgnnls 
varied  approximately  as  the  square  of  signal  Intensity  (energy).  If  the 
signal  were  known  exactly,  however,  d’  should  vary  as  the  square  root  of 
signal  intensity.  Since  (d’)*  =  lEjNo,  this  says  that  observer  efficiency 
varies  ai  a  function  of  (lEjNo)*  for  weak  signals. 

Although  this  information  Is  important  in  the  present  context,  the  data 
acquired  from  the  visual  experiments  are  not  in  usable  form,  for  in  these 
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experimcnU,  the  vtlues  of  JiS/A'o  were  not  known  prtciielly.  In  order  to 
put  these  data  into  ucable  forni  for  the  purpoiea  of  thi*  chapter,  we  must 
extrapolate  from  tho  rssuiu  of  auditory  experiments.  In  these  experiments, 
the  values  of  lE/N^  are  known  precisely  and  the  ^'s  can  be  calculated. 
Such  extrspolatbn  is,  of  course,  very  dangerous,  It  is  done  here  only  with 
tbs  purpose  of  establishing  an  nppro.ximatlcn.  Quite  obviously,  further  visual 
experiments  and  more  preri^e  information  are  necessary  before  one  can  be 
sure  of  the  accuracy  of  the  valuee  of  v 
llie  extrapolation  is  based  upon  the  following  theoretical  observations; 
(1)  signals  known  statistically,  as  they  get  large,  approach  in  {d')*  signals 
known  exactly,  and  (2)  obeerver  eflAclences  in  auditory  experiments  involv¬ 
ing  large  signals  approach  values  as  high  as  ,!(  or  greater.  On  the  basis  of 
thcae  observations,  it  is  assumed  that  when  2£/JVo  ~  10,  the  observer 
efficiency  is  .5  and  becomes  lower  as  2£/iVo  decreases,  in  accordance  with 
the  obeervation  reported  by  Tanner  and  Swe^s.  This  is,  it  must  be  repeated, 
an  extrapolation  which  should  be  checked  experimentally.  It  may  well  bo 


too  optiriilsttc. 

These  estimates  Ar«  presented  In 
Table  8-1.  The  y  is  derived  as  a  result 
of  the  ratio  (J)*/fi/N(,)  as  de¬ 
fined  above.  Ths  data  from  these 
column*  are  shown  graphically  in  Fig¬ 
ure  S-IO,  where  the  estimate  of  the 
human  observer’s  performance  is  com¬ 
pared  to  the  Ideal.  Once  these  values 
of  y  are  accurately  determined,  one 
can  proceed  to  modify  the  combined 
evaluation  of  the  signal  and  receiver 
efilclency.  The  value  of  2E/No  as 
derived  from  signal  evaluation  and 
as  modified  by  the  efficiency  of  the 
receiver  (bn)  would  then  be  furthe’’ 
modified  by  the  operator  efficiency 
factor  (hH)  for  that  2E/No  as  esti¬ 
mated  in  Table  8-1. 

8.3.4  The  Capacity  of  a  Signal 
to  Lead  to  a  Correct 
Choice  Among  One  of  M 
Alternate* 

Now  that  the  general  process  Is  un¬ 
derstood  by  which  the  cajMcIty  of  the 


'*’Aiut  S-l.  ESTIMATION  OF 
OPERATOR  EFFICIENCY 


Fiovst  a- 10  EitinMtt  o(  Human  Ob- 
Hrver's  Psrlormtnee  compared  to  tha 
Ideal 
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lystem  msy  be  modified  by  ftctors  of  receiver  end  operttor  effldency^  we 
tasty  return  to  the  queotlon  of  the  (^vdloetion  a'  the  equipmetit,  u  preeentcd 
in  Section  3.3.!  atme,  to  shor.'  ipecificaily  how  the  ef^iency  tney  be  tf* 
fected  by  the  uee  of  a  priori  information. 

In  c  short  tiRpubilshed  memo,  Peterson  and  Birdsatl  have  considered 
the  problem  of  making  %  correct  dioice  from  M  equally  likely  orthogona! 
signfiis.  If  the  two  statistical  distributions  basic  to  the  emulation  of 
2^/No  (m«  Ap|)«ndlx)  are  consulted,  this  Is  a  caM  In  which  Jkf  —  I  ob* 
servations  are  from  the  distribution  conditional  upon  noise  alone,  and 
one  observation  is  from  tht*  distribution  cenditiond  upon  signal  plus 
noise.  The  probability  of  a  correct  choice  is  tb^  probability  that  the  obmr* 
v4tion  from  signs!  plus  nolK  is  greater  then  the  greatest  of  the  JWf  —  1 
observations  from  noise  abne.  For  the  ideal  case,  this  is  given  in  the  fol> 
lowing  equation; 


where 


F(x)  =  //(*)  dx 
& 

and /(x)  is  the  powibility  density  for  the  obeervation  x. 

Peterson  and  Birdsal!  have  constructed  a  tqbla  (sec  Table  8>2)  based  on 
an  approximation  of  this  equation,  and  shown  here  graphically  in  FIgut  «>  8-6. 
From  their  approximations.  Figure  8-11  has  been  constructed.  This  Agure 
shows  the  value  of  lE/S^  necessary  to  lead  to  a  correct  decision  as  a  func¬ 
tion  of  the  a  priori  uncertainty  (logi  M)  with  performance  criteria  of  .85, 
.90,  and  .95  probabilities.  As  can  be  seen  from  the  gra|^,  the  larger  than 
a  priori  uncertainty,  the  greater  the  energy  needed  to  reduce  the  uncertainty 
to  a  designated  value. 

8.8.5  EeUnaUng  M 

It  is  assumed  here  that  if  the  error  of  target  location  is  normally  dis¬ 
tributed  over  a  single  dimension,  then  the  uncertainty  (togi  M)  of  target 
location  is  approximately  the  same  as  in  the  case  of  a  target  equally  likely 
over  the  equivalent  rectangular  distribution.  An  approximation  of  M  is  then 
given  by 


M  = 


enr 

2  Antenna  Boamwidth 


where  <r  is  the  estimate  of  error  in  a  priori  estimate  of  target  position. 
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8t3i6  SuBBinauy 

Although  tbs  radar  problem  ia  in 
many  t^tyi  fundamentally  different 
from  the  communications  problem,  the 
analysis  of  the  radar  irange  problem 
presented  above  illustrates  certain 
fundamental  similarities  at  far  as  the 
human  component  is  concerned.  The 
relevant  psycht^hysical  areas  for  the 
study  of  radar  operator  performance 
are  not  fundamentally  different  from 
those  illustrated  in  the  communica¬ 
tions  problem.  In  both,  the  relevant 
questions  are  the  same.  Just  as  the  use 
of  redundancy  in  the  communlcatlonu 
problem  raised  the  question  of  the  abil¬ 
ity  of  the  human  being  to  incorporate 
a  priori  Information,  so  does  the  radar 
problem,  Insofar  as  such  information 
affects  the  energy  requirements  and, 
hence,  the  range  of  the  system. 

Thus,  the  areas  in  which  further 
study  Is  required  may  be  summarized 
by  means  of  the  following  questions: 
(1)  Can  the  operator  incorporate  a 
priori  infornmtion?  (2)  What  is  the 
extent  of  his  memory,  and  what  kind 
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oi  aid*  be  lutroduced  to  eupplemeni  this  i»cmo?y?  (3)  Can  the  opersior 
act  as  ft  sequential  observer?  (4)  Can  the  operator  optltniae  Inforntaiioa? 
These  questions  are  very  similar  to  those  asked  in  the  communication 
problem.  Ail  will  require  further  study  before  ons  can  be  sure  of  Just  how 
the  human  component  may  be  Incorporated  into  a  aystem  and  how  hit 
incorporntion  will  affect  the  performance  of  the  system  as  a  whoSt. 

8.4  The  Countermeatsurae  Problem 

All  of  the  questions  treated  in  the  preceding  two  sections  are  pertinent 
to  the  CQuntermoaiures  problem.  Mott  especially,  the  dominant  idea  of  the 
foregoing  discussion  needs  to  be  stressed  again:  the  efficiency  of  the  sysUm 
depends  id  a  great  extent  on  the  specific  Job  the  system  is  designed  to 
perform;  the  more  clearly  the  situation  in  which  the  system  will  act  can 
be  ipeclhed,  the  more  accurately  can  its  efficiency  be  evaluated.  The  role 
of  each  of  the  factors  in  the  system  must  be  carefully  studied  for  two 
Important  resioni.  First,  we  must  clearly  understand  the  effect  each  factor — 
including  the  human  one— has  on  the  system  as  a  whole  so  that  we  can 
sccursteiy  evaluate  the  system.  Second,  once  given  this  information,  we 
must  strive  toward  the  formulation  of  a  more  general  rule  in  terms  of 
which  the  system  may  be  evaluated. 

The  importance  of  this  second  concept  cannot  be  overemphasised.  Al¬ 
though  the  system  must  be  studied  in  terms  of  apcciflc  situations,  the  data 
acquired  may  not  be  entirely  useful  In  the  evaluation  of  equipment  if  that 
equipment  should  be  used  for  an  entirely  different  purpose.  Since  the  efA- 
clency  depends  to  a  great  extent  on  the  particular  situation  or  game,  a 
change  in  that  situation  may  render  the  data  derived  from  the  first  situation 
all  but  useless.  Clearly,  what  we  must  seek  Is  a  more  general  rule,  a  more 
general  means  of  evaluation  which  can  be  used  to  cover  a  variety  of 
specific  situations.  The  data  should  be  in  some  form — still  to  be  determined— 
which  wll!  r.ot  be  designed  to  tell  the  user  the  specific  evaluation  of  the 
equipment,  but  which  will  enable  him  to  calculate  that  efficiency  for  him¬ 
self  given  the  specific  situation  In  which  he  is  engaged.  It  Li  this  second 
concept  which  is  of  major  concern  in  this  chapter. 

As  In  the  preceding  two  sections,  the  analysis  of  the  countermeasures 
problem  must  proceed  from  a  realisation  that  the  problem  is  derived  from 
the  fact  that  we  are  involved  with  a  system.  As  such,  it  can  best  be  under¬ 
stood  in  terms  oi!  tks  r.«%tarlal  thc.t  has  already  been  covered.  Consider 
first  the  relation  to  the  communications  problem.  If  we  consult  the  block 
diagram  in  Figure  8-12,  illustrating  the  basic  countermeasures  problem,  we 
can  see  Immediately  that  what  we  have  here  is  really  a  modified  version  of 
Shannon’s  fundamental  diagram  of  a  rcmmunicatior.  channel  (Figure  8-1), 
with  the  operator  and  Jammer  added.  As  one  would  expect,  therefore,  the 
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Viovu  S-13  Block  Diagram  Illuitrailng  Baitc  Countcrmsuurai  Probtfm 


fundsmentti  queiticru  of  Informition,  chinnel  oipacity,  tntropy,  a»d  to 
forth,  til  apply  here,  eipeclally  inioftr  di  they  are  affected  by  the  preaence 
of  the  Jammer,  In  a  similar  ,'ashion,  the  psychophytical  questions  railed  by 
the  incorporation  of  a  human  component  are  equally  i^rtinent  In  this 
context. 

Certain  similarities  will  also  be  noted  between  this  dia^am  and  the  one 
basic  to  the  radar  problem  shown  in  Figure  8-7,  wherein  the  ssnsory  system 
was  incorporated  into  the  radar,  Of  the  greatest  importance  are  the  three 
points  of  measurement  used  to  determine  the  effectiveneu  of  Jamming. 
These  correspond  generally  to  the  three  points  of  measurement  for  determin¬ 
ing  equipment,  receiver,  and  operator  efficiency  in  the  earlier  problem  and 
may  be  easily  understood  in  terms  of  that  problem.  Thus,  the  question  of 
determining  the  value  of  rj,  basic  to  the  radar  problem,  la  pertinent  to  the 
countermeasures  problem  as  well,  and  has  to  be  worked  out  for  each  factor 
in  the  system,  including  the  human  one.  The  diagram  in  Figure  8-12,  there¬ 
fore,  is  presented  here  to  assist  the  reader,  familiar  with  the  preceding 
problems.  In  identifying  the  factors  Involved  in  evaluating  the  effectiveneas 
of  a  Jamming  tactic. 

The  factors  involved  in  such  evaluation  may  be  divided  into  three  main 
categories,  two  of  which  relate  to  the  communications  system  in  general, 
and  a  third  which  Is  related  to  the  countermeasures  problem  in  particular. 
The  Ant  and  second  categories  may  be  distinguished  from  each  other 
according  to  their  relation  to  the  speciAc  situation.  The  word  “speciAc,'’ 
however,  is  used  here  in  a  somewhat  unusual  sense.  It  does  not  refer  to 
the  particular  physical  parameters  Involved — such  as  distance  or  terrain — 


8-38 


ELECTRONIC  COUNTEaMEASURES 


bjt  rather  to  those  elements  In  the  situation  detoririined  by  the  particular 
$anrie  being  played.  The  flrbt  group  of  factors  Is  specific  to  the  game;  the 
second  is  not. 

Those  'actors,  among  others,  which  are  specific  to  the  particular  situation 
may  be  listed  as  follows; 

( i )  Capacity  required  of  the  forward  channel. 

(3)  Coding  scheme  employed. 

(3)  Decoding  Kheme  employed,  including  such  factors  as  the  effectiveness 
of  the  q;>erator. 

(4)  Use  of  the  feedback  channel. 

(5)  Criterion  of  acceptable  performance,  such  as 
<a)  Permlralble  error  rate, 

(b)  Permissible  miss  rate, 

(c)  Importance  of  time. 

All  of  these  areas  are  familler  to  the  reader  from  the  diaeusaion  of  the 
comunicatlons  problem  In  Section  8.3  above,  and  a  number  of  the  problems 
concerning  at  leut  some  of  the  areas  have  been  touched  upon  there.  They 
should  require,  therefore,  no  additional  discussion  here. 

The  physical  factors  Involvcd—thoeo  not  considered  specific  to  the 
game—afi  as  fellows: 

(1)  Capacity  of  the  forward  c:hannel. 

(3)  Distances  involved. 

(3)  AtmMpherIc  attenuation. 

(4)  Terrain  factors. 

(5)  Condition  of  equipment. 

(6)  Regulation  of  power  supply. 

(7)  Susceptibility  of  equipment,  such  u 

(a)  Saturation, 

(b)  Effect  of  nonlinear  elements, 

(c)  Detectability  by  Jammer. 

The  first  six  of  these  factors  are  alto  Important  in  the  third  category,  that 
which,  as  noted,  relates  most  particularly  to  the  countermeasures  probleni. 
To  this  third  category,  two  more  factors  can  be  added; 

(1)  The  ability  to  take  advantage  of  the  detectability  of  the  Jamming 
target,  and 

( 3 )  The  ability  to  transmit  an  adequate  Jamming  signal. 

Once  these  three  main  sets  of  factors  are  understood,  we  may  proceed  to 
the  question  of  the  evaluation  of  a  jamming  operation. 
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As  in  the  cue  of  the  rader  probStm,  the  effectivemu  of  the  lystetn  cannot 
be  tseuured  at  only  one  point,  since  to  measure  the  effectiveness  in  this 
way  fails  to  take  into  account  the  rkilative  importance  of  each  of  thoM 
factors  which  contribute  to  the  evaluation,  and  leaves  the  obeerver  in  the 
dark  concerning  the  relation  among  those  factors.  For  this  reason,  in  the 
block  diagram  in  Figure  8-13,  t^ree  points  of  meuuroment  are  indicated — 
for  signal  jamming,  receiver  jamming,  and  obeerver  jamming — points  which 
do  permit  the  isolation  of  the  relevant  factors  tad  which  should  furnish  a 
mu^  sounder  foundation  for  collecting  information  upon  which  to  baae 
future  rsitsarch  and  development  pregrams.  Let  us  eumine  each  of  thue 
points  in  turn,  therefore,  to  see  the  relation  among  them  and  the  relative 
effect  each  bu  on  the  evaluation  of  the  countermeuures  system  u  a  whole. 

The  first  point  of  meuurement  comes  before  the  signal  enters  the  re¬ 
ceiver  and  is  the  point  fsr  meuuring  signal  jamming.  As  defined  by  Hok, 
this  is  actually  a  meuure  of  the  ability  to  reduce  the  capacity  of  the  channel 
up  to  the  input  of  the  receiver.  Remember  that  capacity  is  defined  in  terms 
of  the  information  (In  the  special  sense  of  communication  theory)  which  the 
channel  can  transmit.  The  jamming  signal  reduces  that  capacity  and  in¬ 
creases  the  uncertainty  with  which  the  signal  is  received.  The  meuure  is 
made  at  this  point  rather  than  at  the  second  point  because  any  but  an  ideal 
receiver  will  further  increase  that  uncertainty.  An  idea!  receiver  uses  ail  the 
Information  at  the  input,  and  were  such  a  one  employed,  then  the  meuure 
at  point  one  (for  signal  jamming)  would  be  the  same  as  that  at  point  two 
(for  receiver  jamming).  In  an  actual  case,  however,  the  receiver  will  add 
additional  uncertainty,  end  we  wish  to  iioiats  the  first  important  factor. 
This  factor  is  a  measure  of  the  additional  entropy  (the  degree  of  random¬ 
ness)  of  the  input  signal  as  a  .esult  of  the  jamming  signal. 

The  second  point  of  measurement  is  that  fur  receiver  jamming.  What 
we  wish  to  isolate  here  is  the  degree  of  uncer:?inty  which  comes  as  a  result 
of  the  receiver,  that  is,  of  qualities  inherent  In  tlie  equipment  itself.  Measure- 
mant  at  this  second  point  requires,  therefore,  a  measure  of  the  additional 
entropy  at  this  point,  and  then  the  isolation  nf  that  part  of  the  additional 
entropy  which  is  due  speclflcatly  to  the  receiver.  Because  realiubU  receivers 
have  a  finite  range  and  nonlinear  elements,  the  efficiency  of  the  receiver 
may  depend  upon  conditions  at  the  input.  Consequently,  if  the  efficiency 
of  the  receiver  changes  u  the  signal  is  jammed,  then  the  receiver  is  con¬ 
tributing  to  the  entropy  beyond  that  of  signal  jamming.  Only  with  an  idea! 
receiver  are  the  measures  at  points  one  and  two  the  same.  To  meuure  only 
at  (Kiint  two,  therefore,  will  give  a  false  estimate  of  the  efficiency  of  signal 
jamming.  Similarly,  a  measure  at  only  point  one  would  ignore  the  feet  that 
realizable  receivers  add  to  the  uncertainty  with  which  the  signal  is  re¬ 
ceived.  Measures  at  both  points,  therefore,  are  required  if  we  are  to  get 
an  accurate  estimate  of  the  efficiency  of  the  jamming  tactic, 
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Hiii  concept  wUk  perhipt  be  further  clarified  if  it  if  ccniiderad  in  temta 
of  a  specific  example.  Coniider  a  ehannel,  the  capacity  of  rhich  ie  meafured 
in  termi  of  band'^^dth  and  the  tlgnal-ncfie  ratio,  where  only  noifc  relevant 
to  the  signal  is  considered  in  calculating  the  ratio,  Designate  this  capacity 
as  D.  Now  if  the  measure  is  made  at  tb»  input  of  the  receiver,  that  is,  at 
our  flr.if.  poi»t  of  measurement,  the  effectiveneu  of  aignal  Jamming  can  be 
expressed  by  the  following  ratio: 


ge  -  Dt 
Do 


where  Do  is  the  capacity  of  the  channel  without  jamming  and  Dy  is  the 
capacity  with  jamming.  One  can  learn  thereby  the  degree  by  which  the 
jamming  signal  has  reduced  the  capacity  of  the  channel.  This  then  yields 
a  measure  of  the  effectiveness  of  the  signal  jammiitg. 

Let  ui  proceed  to  the  second  point  of  measurement,  that  for  receiver 
jimming.  If  the  measure  is  made  here,  the  effectiveness  can  be  expressed 
by  the  following  ratio: 


hoDo  “  dy  Dj 
rioDo 

where  %  is  the  eutciency  of  the  receiver  when  the  input  signal  is  Do  and  by 
is  its  efficiency  when  the  input  ligna!  is  Dj.  Whet  we  have  done  in  effect  is 
to  modify  the  measure  of  tho  effectiveness  of  the  signal  jamming  by  a 
factor  of  receiver  efficiency  to  crrlve  at  an  over-all  estimate  of  the  effi¬ 
ciency  of  the  jamming  operation  to  this  point,  This  last  expression  can 
be  rewritten  as  follows: 


where  [1  —  (by/bj)]  can  be  considere'l  the  effectiveness  of  the  receiver 
jamming.  This  rewriting  of  the  formula  is  useful  because  it  isolates  the 
termfi  —  (by/%)].  If  one  is  Interested  in  thci  susceptibility  of  the  receiver, 
this  U  the  factor  which  should  be  studied,  because  it  expresses  that  part  of 
the  effectiveness  of  the  jamming  operation  that  comes  a:i  a  result  of  qualities 
inherent  in  the  receiving  equipment  itself. 

I.«t  us  proceed  further  to  the  third  point  of  measurement,  that  for  system 
jamming.  The  third  factor  which  enters  here  is  the  efficiency  of  the  human 
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spcrator,  •  fcctor  which,  as  was  shown  In  the  radar  problem  in  Section  6.3, 
modiftes  further  the  eiAciency  of  the  systenrt  as  a  whole.  To  account  for 
this  third  faf^tur,  let  us  extend  the  measure  as  it  is  rewritten  in  the  para¬ 
graph  iust  above.  It  can  be  extended  to  n  terms.  If  it  is  extended  to  three 
terms  to  take  In  the  factor  of  o;>erstor  efncleney,  the  measure  read^: 


where  the  r}'s  ere  distinguished  by  iheir  subscripts  as  Tki  (he  efficiency  of 
the  receiver,  and  the  efficiency  of  the  human  operator.  Just  as  the 
second  step  m  tlie  measurement  process  isolated  a  term  u.seful  In  studying 
the  susceptibility  of  the  equipment,  this  expression  isciates  the  term 
[1  "  (^xg/^Ke)],  which  can  be  considered  the  effectiveneH  of  observer 
Jamming.  This  would  Include  the  additional  uncertainty,  over  and  above 
thet  caused  by  signal  and  receiver  Jamming,  which  can  attributed  to  the 
human  operator.  This  then  is  the  factor  which  should  be  studied  if  one  is 
interested  in  the  suKeptibility  of  the  human  being.  It  expresses  that  part 
of  the  Jamming  operation  that  comes  about  because  of  the  riature  of  the 
human  operator. 

The  total  expression,  which  takes  into  account  all  three  factors,  describes 
the  offectivenesa  of  the  system  Jamming.  Each  of  the  factors  in  parenthesis 
represents  the  effectiveness  at  one  of  the  points  of  measurement;  the  signal 
Jamming,  the  receiver  Jamming,  and  the  observer  Jamming.  Any  measure 
which  considers  only  the  system  as  a  whole  fails  to  isolate  theae  three 
factors  which  contribute  to  the  ^>«cific  effects  in  any  single  test.  On 
other  hand,  measures  taken  at  each  of  three  points  specified  in  thu  )  • 
diagram  in  Figure  8-6  do  prrndt  their  isolation.  Thay  provide  a  ba<N  .or 
studying  Individual  factors,  such  as  equipment  evaluation  and  observer 
efficiency.  They  should  furnish,  therefore,  a  more  solid  foundation  for  the 
collection  of  information  upon  which  future  research  and  development 
programs  may  be  based. 

The  form  In  which  these  data  should  be  presented,  however,  is  still  to  be 
determined.  It  seems  obvious  that  in  each  stage  of  the  measurement,  the 
results  of  the  measures  are,  to  some  extent  at  least,  dependent  upon  the 
particular  situation  or  game.  The  rj’t  are  certainly  variable  factors,  theii 
values  varying  with  the  speci.fic  situation.  This  specificity  must  be  realized 
and  studied,  not  only  so  that  we  can  understand  the  role  of  each  factor 
In  a  specific  same,  but  more  especially  so  that  we  can  eventually  determine 
more  general  means  of  evaluation,  means  which  can  be  used  for  a  variety 
of  specific  situations. 
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A  concrete  example  will  perhapi  clxrlf)^  the  iseue  here.  What  we  are 
leeking  are  data  which  can  be  presented  In  s  way  limilar  tu  that  in  which 
a  manufacturer  presents  ipeciftcatlons  on  an  okIHoscc^.  He  does  noi 
present  a  number  which  evaluates  the  equipment  in  terms  of  a  particular 
use  the  custonwr  has  for  the  product,  Rather,  he  presents  a  set  of  data 
whith  permits  the  customer  to  calculate  the  value  of  the  product  for  his 
ovn  use.  The  data  are  dcilfmed  to  permit  this  calculation  for  a  large 
number  of  uses.  In  like  manner,  we  must  find  a  means  for  presenting  data 
in  a  way  that  will  permit  the  evaluation  of  not  just  orie  jamming  operation, 
Rather,  the  data  should  be  in  such  forms  as  will  permit  those  engaged  In 
countermeasures  programs  to  evaluate  their  own  specific  situatloss  for 
themselves. 

We  should  seek,  therefore,  a  (fjeneral  rather  than  a  specific  rule.  Once 
we  are  aware  o!  this  fact,  we  can  state  the  fundamental  problem.  Laltoratory 
data  on  jamming  tests  should  be  presented  in  this  way;  there  should  be 
a  set  of  ^)ecifications  permitting  their  use  in  evaluating  a  large  number 
of  specific  situations,  rather  than  a  number  evaluating  a  specific  situation. 
What  the  specifications  should  be,  and  the  ways  in  which  one  uses  them 
to  estimate  the  results  in  a  specific  situation,  art  closely  related  questions. 
The  answers  to  them  depend,  however,  on  knowledge  in  areas  which  are 
still  relatively  undeveloped.  As  has  been  itrsised  thkuughout  this  chapter, 
the  function  of  the  human  component  in  any  system  is  one  such  area. 

Particularly  significant  is  an  understanding  of  the  way  in  which  the 
human  being  introduces  flexibility  into  the  total  system,  since  his  ability 
to  incorporate  c  firicri  information,  to  function  at  a  sequential  obeerver,  or 
to  optimise  information  or  utilities  can  have  a  significant  effect  upon  the 
functioning  of  any  system.  Furthermore,  his  self-evaluAting  and  self-adjusting 
qualities  nia;  lead  to  such  flexibility  that  he  might  even  be  able  to  offset, 
•t  least  partially,  the  effect  of  jamming  in  a  communications  system.  The 
relation  of  the  human  component  to  the  system  as  a  whole  and  his  p<»slble 
effect  on  Its  efficiency  are,  therefore,  areas  where  considerable  research  is 
certainly  warranted. 


APPENDIX 

Mathematical  Calculatlone  of  tha  Diecrirainabtlity  of  Two  Slgnala* 

The  purpose  of  this  appendix  is  to  describe  the  mathematical  development 
of  the  determination  of  the  restrictions  placed  on  performance  in  a  detection 
experiment  by  the  environmental  conditions. 


*The  mathrmutical  development  preiented  here  follows  cloMly  that  of  Pfterioni 
Blrdsall,  and  Fcx. 
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A  •Us*'*!  definad  here  m  k  voltage  wavefarm  In  a  well-deftned  time 
interval,  one  of  two  eignaii  perturbed  by  noio  U  preieated  to  an  obeerver 
or  a  receiver.  It  is  the  observer’*  ta*k  to  state  which  of  the  two  sijnab 
was  contained  in  the  irjput  waveform. 

In  this  analysis,  the  voltage  waveforms,  the  signals,  are  precisely  defined 
functions  of  time,  Si(t)  and  Si(t)i  entirely  contained  within  the  observa¬ 
tion  interval,  t  to  t  +  T.  The  precise  deflnltion  of  the  waveforms  means 
that,  if  the  waveform  exists  in  the  interval,  the  voluge  amplitude  at  any 
instant  in  time,  fi,  is  t  precisely  specified  value  St. 

The  perturbing  noise  is  sMumed  to  be  Fourier  series  bandlimited  white 
Gaussian  noise  which  is  added  to  the  signal.  This  set  of  assumptions  is 
made  to  permit  discrete  statistical  analysis.  Since  the  noise  is  series  band- 
limited,  a  noise  waveform  within  the  interval  can  be  precisely  specified 
by  2WT  measures  of  voltage  amplitude,  where  W  is  the  bandwidth  end  T 
is  the  duration  of  the  interval.  The  fact  that  the  noise  Is  white  implies  that 
the  power  density  is  uniform  st  every  frequency  within  the  band  W.  The 
Gaussian  assumption  requires  the  voltage  atnpliiude  of  the  noise  to  be  a 
normal  variate  with  mean  aero  and  variance,  or  noise  power,  N,  The  auump- 
tlon  that  the  noise  Is  added  to  the  signal  states  that  at  each  instant  of 
time  in  the  interval,  the  voltage  of  the  Input  waveform  x{t)  is  the  sum  of 
two  voltages,  the  signal  voltage  and  the  noise  voltage. 

The  purpose  of  this  appendix  is  to  show  how  well  an  optimum  receiver 
can  do  In  the  task  of  specifying  which  of  the  two  wrveforms  S\{t)  or  5g(0 
is  contained  in  an  input  waveform  x(t)  when  the  receiver  is  faced  with  the 
restrictions  defined  by  the  aseumptlons  outlined  above.  The  analysis  treats 
the  receiver  as  testing  statistical  hypotheses.  Meuures  of  p«rforma.nce  are 
statements  of  averages  expected  of  the  receiver  over  an  infinite  sequence  of 
independent  observations. 

It  has  been  shown  that  an  optimum  receiver  bases  its  decisions  on  a 
likelihood  ratio  criterion,  Eq  (8-51.  That  is  to  say,  the  optimum  receiver 
accepts  one  of  the  hypotheses  whenever  the  likelihood  ratio  is  a  value  greater 
than  a  weighting  function  fi,  otherwise  it  accepts  the  other.  If  monotonIc 
transformations  of  both  likelihood  ratio  and  the  weighting  function  are 
incorporated,  an  equivalent  decision  rule  can  be  developed.  The  task  of  the 
analysis  is  to  study  the  distribution  either  of  the  likelihood  ratio  or  some 
ai^ropriate  monotonic  function  of  the  likelihood  ratio  first  under  the  con¬ 
dition  that  i<ne  of  the  signals  Si(t)  exists,  and  tlien  under  the  conditions 
that  5i(0  exists. 

In  order  to  perform  the  analysis,  •  sampling  theorem  based  on  the  series 
bandlimited  assumption  is  employed.  The  purpose  of  the  sampling  theorem 
is  to  permit  the  use  of  discrete  statistics.  It  says  essentially  that  the  input 
waveform,  the  noise,  and  the  signal  can  each  be  specified  completely  by 
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2WT  independent  volUge  amplitudee  (  x{t)  xi,  Xa  -  ,  .  Xaw',  3\{t)  ss 
Si, If  Si, a  .  .  .  Su  .  ,  .  Si,  Biyri  m(0  =  «i,  .  Kawr)-  FriMti 

this  it  fellows  that 


iViT  I  +  T 

2  (5n)®  =  j  ITU^dt  -  2WEi  (M) 

^  IK  I 

where  £i  is  the  energy  In  the  volUgs  waveform  5i(f),  assuming  that  tbs 
waveform  exists  over  a  one  ohm  resistance. 

The  likelihood  ratio  is  defined  as 


/[«(/)  j  = 


/sj_U)[*(0] 

ha  (»)  (*(Ol 


(8-2) 


where  /«,(«) |r(Oj  and  ha'v[*h)]  probability  densities  conditional 
upon  the  waveform  x(t)  resulting  from  Si(t)  and  Sa(t)  respectively.  Since 
the  21VT  points  are  Independent  and  specify  the  waveform  in  its  entirety, 


IWT 

h  (iil*(f)]  —  II  h  (*() 

1  «■>!  i< 


and 


(8-3) 


iifr 

h  (i)[*(01  =  II  /«  (*() 

S  /mlB( 


Since  »<(<)  is  a  normal  variate,  Ss  a  normal  variate  with  mean  Su  or 
Su  and  variance  fV.  Therefore, 


h  (x) 


exp  - 


(xi  ~~  5|«) 
2.V 


I 


and 


(8-4) 


Substituting  Eq  (8-4)  in  (8-3),  and  the  result  In  (8-2)  leads  to  the  follow¬ 
ing  equation: 
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nm]  = 


esp  -  Su)^]/2If 

exp 


(8-S) 


It  is  r^w  appropricte  to  consider  the  natural  logarithm  of  the  likelihood 
ratio; 


In /[*(<)]  = 
Inf  [*(<)]  = 


Examination  of  Eq  (8-6)  shows  that  Xt  is  the  only  variable.  Since  at  each 
of  the  f  points  xi  is  a  normal  variate  regardless  cf  which  signal  Is  present, 
the  In  f[«(f)]  being  a  sum  of  independent  normal  variates  is  likewise  a 
normal  variate. 

It  remains  only  to  determine  the  means  and  variances  r,f  the  two  Uts 
tributions  conditional  upon  the  inclusion  firet  of  5|(f)  in  x(f)  and  l.i*> 
of  S3O)  in  x(f). 

If  6'i{f)  is  included,  then  the  expected  value  cf  each  Xi  is  Si,  Substituting 
this  in  Eq  (8-6)  and  lettlug  Mi  be  the  mean  of  the  In  l(x)  conditional  upon 
the  Inclusion  of  St(t)  leads  to  the  result 


g*  _  iS'Sn®  "  2'^u*  '■  23gSnSj<  +  XSji* 

M,  - 


Ml 


A£?i_ 

2N 


XSuSai 

N 


(8-7) 


Deftnlng  No  —  N/W  and  employing  the  sampling  theorem  (Eq  8-i),  Eq 
(8-7)  becomes 


.8/1  - 


A'l  ,  Ea  _  Sl'^nSgi 

No  ~No  N 


(8-8) 


The  last  term  is  a  correlation  term.  Letting 


~  N  "  S  N  'S  N 


o 
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Subititutfr^g  Eq  (S>9)  Mo  £q  (8-8); 


„  _  fi,  ,  £a  _  2£,  2ft 

~  A’o  No  ^  No  No' 

By  ex.min«tloii  of  Eq  (8-6),  it  can  be  iMwn  that  the  mean  M»  of  the  dis¬ 
tribution  conditional  upon  tl^  Inclusion  of  5i(0  is  the  negative  of  J/i; 

The  difference  between  the  means  is 

A  -  1§L  j.  ^  ,  UK  UK  /.  .,v 

~  No  ~No  *'*  V  No  N  No 

Now  consider  the  variance  vi*  of  Eq  (8-6)  conditional  upon  the  existence 
of  Si(t).  llie  terms  S5i«‘  and  igSu*  are  constants  and  consequently  con¬ 
tribute  no  variance. 


, .  __  (2tXtSu  -  2S*,5«)* 


(8-18) 


Since  the  f  points  are  independent  and  values  of  Sn  and  Sm  are  constant 
for  eerh  i,  this  expression  can  be  rewritten  as 


-  If* 

The  expected  value  of  Jxt'  1»  N  by  definition ;  therefore, 

«  _  Sll'*  _L  2%SitSu 

‘  A  ^  A  N 


(i-u) 


Employing  the  sampling  theorem; 


a  2fSi  ,  2E 

+  ir, 


li  _  ,  f2K^ 

\  Ao"' 


(8-lS) 
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It  if  obviouf  ihftt 


»#•  *s 

1%U6  Um  two  diftributioiu  nrf  norssa!  iHth  fqiuil  ^^risoce.  Tbe  value 
of  hr  the  cptimum  receiver  is  the  diilereiice  in  the  mefne  divided 
tbf  at&ndard  doviftioa: 


2Bt  ,  2Et 

ivT  •  ~wr 


(8-17) 


It  ihould  be  pointed  out  that  p,  a  correlation  term,  deKribea  the  correla¬ 
tion  batvrten  the  matLematicai  description  of  the  two  signals.  In  the  case 
considered  in  Uio  text,  the  two  signals  are  pulses  of  sine  waver,  differing 
only  in  amplitude.  In  this  case  p  =  1.  Therefore 


where 


i  +  r 

f[s,(i)-s,(/)]*a 


It  is  necessary  to  point  out  again  that  the  result  depends  on  the  par¬ 
ticular  set  of  assumptions  described  at  the  beginning  cf  the  appendix.  !f 
the  aMumption  of  scries  bandllmit  had  been  different,  the  result  would 
have  been  different.  For  example.  If  ths  noise  Is  assumed  to  be  transform 
bandlimited  and  therefore  analytic,  Slepplan  has  shown  that  the  ilgiial  is 
perfectly  detectable  since  in  this  case  the  noise  is  deterministic  from  —  k 
to  -f-w.  Proofs  of  perfect  detectability  require  mathematically  precise 
measurement.  Any  error  of  measurement,  no  matter  how  small,  invalidates 
the  proof.  So  far  the  assumptions  employed  indicate  that  if  the  signal  Is 
finitely  detectable,  the  series  bandlimlt  assumption  at  least  leads  to  a  result 
nearly  that  of  any  other  set  of  assumptions  so  far  examined.  The  Fourier 
sariea  bandlimited  aesumption  is  therefore  accepted  as  adequate  for  the 
present. 
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Ills  inttfcept  rMceivcr  Ukes  m&ny  uMful  formi.  A  large  receiver  of  elub- 
ortU  dMign  may  conatitute  the  primary  unit  of  an  electronic  intelligence 
(ELINT)  intercept  lyatem;  as  such,  it  must  operate  in  an  integrated  nuin- 
uer  with  antennas  and  data  handling  units  of  appropriate  complexity.  A 
second  receiver,  one  featuring  small  size,  light  weight,  and  simplicity,  might 
be  a  primary  alerting  device  in  bomber  defense.  A  third  receiver  might  be 
so  completely  integrated  ph.  jlcally  and  electrically  into  a  Jamming  system 
as  to  be  scarcely  recognisable  as  a  receiver.  A  fourth  might  be  designed  to 
At  conveniently  into  a  brief  case,  The  keynote  here  is  variety — in  opera¬ 
tional  use,  in  signal  environment,  in  the  physiosd  requirements  imposed  on 
the  receiver,  and,  consequently,  in  the  practical  forms  of  receivers  currently 
in  use.  Present  technology  does  not  permit  a  "universal  intercept  receiver." 
There  is  no  single  basic  receiver  technique  that  is  close  to  being  optimum 
for  all  uses  (see  Figure  V-i). 

Despite  the  important  variations.  Intercept  receivers  commonly  employ 
standard  basic  receiver  circuits — superheterodyne,  tuned-radio  frequency 
(TRF),  etc.  Substantial  divergences  in  detail  are  found — In  bandwidth,  tun¬ 
ing  mechanisms,  etc.  Some  operational  situations  justify  the  continued  utiliza¬ 
tion  of  receiver  types  largely  displaced  in  other  instances  by  more  common 
circuits.  Thus,  direct-detection  receivers,  su}^rregenerative  receivers,  etc., 
are  used  on  occasion  and  their  use  is  by  choice — because  they  bc.st  At  the 
needs  of  the  job  at  hand. 
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Tiovu  9-1  Inttrctpt  iyiUmSi  (•)  A  compku  rwoBMliane*  ctiUr.  (fc)  A  compUx 
RSiivtr.  ThU  lyittm  eo-r«n  90  in«e*cydM  to  iO.7?  k5k>inp|ceycl«i  with  5  it  tuiwn, 
ihowB  la  tlM  top  of  Uw  photoinph.  Two  iwltoh  aiMmbllM  an  tbown  at  Itf:  ctnlar 
natar.  At  risht  canUr  ara  i  1-1  ampllllar  ualU.  Tba  powar  aupply  la  at  tha  lowar 
left  aad  tba  ladkator  eoatrel  at  iba  lowar  right.  («)  A  “pcekat’'  rsialvar.  Thia  unit 
covGra  S-band  with  a  tuaaNa  cevlly.  la  addition  to  tba  antC’ana  and  aarj^ona  which  an 
ahowHi  It  wintatni  a  cryatal  datactor(  audio  anpUilar  with  itla  controlt  and  battery 

powar  aupply. 
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Thifi  chttpt^r  i«  concerned  in  ptrtlcuisr  with  microwAvc  intercept  receivers. 
It  is  not  feiiiibta  to  describe  in  detail  each  existing  receiver  having  practical 
value;  there  is  not  the  space,  and  the  rapidity  with  which  the  receiver  pic* 
ture  is  changing  would  outdate  such  material  very  quickly.  Instead,  there 
first  will  be  repeated  from  earlier  chapters  certain  material  on  operational 
probiems,  intercept  techniques,  etc.  The  justification  for  the  repetition  lies 
in  the  emphasifi  here  on  aspects  bearing  directly  both  on  the  design  of  inter¬ 
cept  receivers  and  on  the  seiection  and  employment  of  particular  receivers 
far  some  common  uses.  The  objective  will  be  to  deKrSbe  wliy  ECM  inter¬ 
cept  receivers  nruit  and  do  differ  in  detail  frora  other  microwave  receivers  of 
similar  basic  designs.  The  material  will  then  relate  to  this  background  ap¬ 
propriate  Interpretations  of  the  common  receiver  performance  parameters — 
noise-figure,  bandwidth,  sensitivity,  fidelity,  etc.  The  dlKUsslons  will  presume 
a  genera!  knowledge  of  conventional  receivers,  circuits,  and  components; 
they  will  emphasise  the  differences  vrhich  must  necessarily  appear  In  the 
design  and  utlllastlcn  of  intercept  receivers  (Reference  1  and  Chapters  23 
through  35  of  Reference  2).  There  will  be  discussions  of  the  several  im¬ 
portant  receiver  types  currently  in  use.  A  listing  of  intercept  receivers  is 
given  in  Reference  3.  And  there  will  be  reviews  of  the  principal  problems 
which  Influence  rKeiver  design  and  of  some  innovations  in  circuits  and  com¬ 
ponents  which  point  the  directions  of  future  trends. 

To  maintain  the  general  nature  of  the  review,  the  nnajor  attention  will  be 
devoted  to  Jiscusiions  of  types  of  receivers  rather  than  to  descripiions  of  in¬ 
dividual,  current  receivers. 

9.1  Some  Factors  Affecting  Intercept  Receiver  Deeign 

There  are  unusual  factors,  operational  and  technical,  affecting  the  design 
of  intercept  receivers. 

( 1 )  Lack  of  a  priori  Information 

I'crhaps  the  most  significant  over-ail  distinction  between  Intercept 
receivers  and  other  types  is  the  fact  that  the  former  must  operate 
without  a  priori  knowledge  of  the  electronic  characteristics  or  physical 
location  of  the  signals,  Radar  receivers,  by  contrut,  have  complete 
knowledge  of  the  signal  frequency,  pulse  rr()etitlon  frequency  (prf), 
puliewidth,  possibly  an  estimate  of  signal  arrival  time,  etc.  The  initial 
reconimissance  receiver  tasks  are  to  find  (intercept)  and  to  Identify 
or  recognize  the  signals  in  a  short  time.  In  ELINT,  any  concern  with 
message  content  Is  often  of  secondary  importance.  Further,  the  ma¬ 
jority  of  intcrcei>t  receivers  must  be  expected  to  collect  and  process 
a  number  of  unrelated  signals  simultaneously.  The  terms  countercept 
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uid  lynchrocept  bive  betn  to  difiai^ntUt«  between  tbn 

recounaisiunce  receiver  situe.tion  and  thet  it!  wb<eb  at  leest  the  me- 
jorSty  of  the  signal  charscteriitica  are  knows. 

(2)  InaltUHy  io  Use  Integrathn  Tech-iques 

Because  of  the  w>de  varistiou  In  the  electrical  chara;:ter!st!cs  of  sig< 
sols,  the  qpportunities  for  aid  to  weak-signal  detection  via  signal 
integration  (as  In  a  typical  radar  operation)  are  apt  to  be  absent. 
Built-in  integrating  devices  imply  a  piofi  infermation,  usually  un¬ 
available,  or  an  unu.sual  concentration  of  interest  od  a  particular 
type  of  signal.  There  is  generally  a  direct  signal  amplitude  versus 
no(M  amplitude  competition  in  the  detection  procew  such  that  prac- 
tlisi!  receiver  setuitMiy  (in  terms  of  usable  slgnal-to-noise  ratio)  is 
often  much  less,  for  easmple,  than  values  usable  in  a  radar  receiver. 

(3)  Complexify  cj  Signd  CharacteHsHcs 

The  basic  intercept  tasks  become  increasingly  difficult  with  time 
because  of  trends  in  signal  character.  To  avoid  detection,  or  to  avoid 
countermeasure  action,  modern  weapons  sy.stems  signals  are  fre¬ 
quently  subjected  to  programmed  or  even  random  variations  in 
character  (in  radio  frequency',  prf,  pdsewidth,  etc.)  during  &  tram- 
misslon  interval;  the  result  is  to  greatly  magnify  intercept  and 
identification  problems.  Thus,  the  value  of  precise  measurement  of 
radio  frequency  (a  prime  identifying  parameter  in  ordinary  circum¬ 
stances)  must  be  viewed  with  some  qualification  in  the  era  of  pulse- 
by-pulse  frequency  Jump  transmission,  rapid  tuning  capability  in 
transmitters,  etc.  Ir,  fact,  a  receiver  having  the  resolution  and  sta¬ 
bility  to  measure  radio  frequency  accurately  may  be  at  some  sub¬ 
stantial  disadvantage  in  detecting  certain  types  of  signals. 

(4)  Divergences  in  Operational  Requirements 

In  contrast  to  electronic  countermeasures  in  general,  whose  primary 
value  Is  in  tactical  missions  during  hostilities,  there  is  a  substantia! 
need  for  Intercept  receivers  during  both  “cold-war"  and  "hot-war" 
periods,  The  many  differences  in  physical  environment,  in  signal 
conditions,  in  operational  use,  and  in  the  relative  values  of  different 
types  of  (lata  for  these  divergent  applications  combine  to  Justify  the 
development  of  different  receivers  tailored  particularly  to  the  dif¬ 
ferent  eras.  Even  within  the  culd-war  period,  there  are  surprisingly 
different  uses  for  Intercept  receivers  that  dictate  the  need  (or  a  tre¬ 
mendous  versatility  in  receiver  design  and  employment.  The  de¬ 
mands  for  Intercept  information  in  the  cold-war  period  range  from 
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aieeumeni  of  tn  researob  Md  devels^nmst  acUvhtae,  to 

Gusnitoring  tiit  oponttlooa!  deployment  of  ndt£  equipmecia,  to  deter* 
miestion  of  fstsatisn  to  stuck,  to  immsdisU  veriScstlon  of  en  ectusl 
stuck.  Since  the  iniiistioo  of  hoetilitiee  nr^^y  weii  be  in  the  bandi  of 
s  potential  enemy,  «  developed  cspsbSHty  for  sll  phttee  of  ELINT 
activity  ie  obvioualy  deiirable. 

(5)  Divergence’  Physical  JtequiremeHit 

The  variattone  aaked  for  In  phyeical  design  are  tremendous.  Thus, 
receivers  era  designed  for  isstssisUos  in  surfac-e  ihipe,  submarines, 
cciuples  ground-based  detection  centers,  motor  vehicles,  aircraft, 
reconnaissance  satellites,  hats,  brief  cases,  etc.  The  environmenUi 
extremes  in  shock,  vibration,  temperature,  altitside,  etc.,  are  fully 
the  equivalent  of  those  imposed  on  the  electronic  systems  whose 
signals  are  to  be  detected. 

(6)  Wide  Frequency  litaHfei  to  Se  Monitored 

In  general,  the  intercept  receiver  must  monitor  a  total  radio-frequency 
band  subtUntially  in  excess  of  the  frequency  ranges  of  the  individual 
sigafils  of  the  electronic  systems  to  be  detected  wltldn  this  bend. 
This  introduces  major  te^nlcal  considerations  in  wideband  cir¬ 
cuitry.  The  d-c-to-light  concept  was  never  more  applicable. 

(7)  Wide  Dynamk  Ranget  Eneowttered 

The  wide  variations  In  received  signal  level  that  ntutt  be  anticipated 
are  enormous.  Because  of  the  one-way  transmission  to  the  intercept 
receiver  (versus  the  two-way  action  that  may  be  Involved  in  the 
operation  of  the  signal  emitting  system),  signal  levels  are  apt  to  be 
hign — high  sensitivity  sometimes  is  unnecessary  (and  undesirable 
because  of  the  possible  introduction  of  lower  level  Interfering  signals). 
But  In  contrast,  the  Intercept  receiver  may,  In  another  circumsUnce, 
be  faced  with  the  task  of  intercqjting  a  low-power  transmission  via 
radiation  from  minor  lobes  of  s  transmitting  antenna,  and  from  a 
great  distance — a  situation  arguing  for  the  maximum  sensitivity.  An 
intercept  receiver  of  genera!  utility,  then,  must  be  prepared  to  operate 
over  a  very  large  dynamic  range. 

(8)  Complex  Data  Handling  Problem: 

In  situations  where  a  high  data  rate  (occasioned  either  by  a  large 
nuniber  of  signals  to  be  monitored  or  by  the  desire  for  detailed 
technical  Information  about  selected  signals)  must  be  handled,  the 
intercept  receiver  must  frequently  operate  largely  on  an  automatic  or 
semiautomatic  basis.  Therefore,  the  receiver  perfornrance  versatility 
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oftra  must  be  retained  In  automatic  or  cemf^utomatk  operation.  If 
the  employment  of  an  operator,  or  operators,  ii  t’eaiilble,  the  con¬ 
sequent  reduction  in  complex  automatic  circuiU  may  be  largely  offset 
by  the  necessary  inclusion  of  special  display  and  control  circuitry 
leading  to  the  boat  utilisation  of  the  curator. 

(9)  Prttence  of  Foist  SignMs 

There  must  be  a  continuing  and  uniuua!  concern  with  false  signals. 
“False”  refers  to  more  than  the  internally  generated  spurious 
responses  sometimes  encountered  in  receivers,  or  to  the  results  of  pro¬ 
pagation  anomalies.  It  relate  to  the  off-frequency  signals  genorated 
in  high-power  transmitting  tubes;  such  signals,  while  reduced 
In  amplitude  far  below  the  normal  frequency  level,  still  may  represent 
a  very  substantial  radiation  energy.  There  is  always  the  threat  of 
decoy  signals  produced  by  an  alert  enemy  to  capture  the  attention 
of  the  intercept  systems.  There  is  the  threat  that  certain  slgniJ 
characterietics  used  to  “fingerprint”  signals  (antenna  scan  rates, 
prf,  etc.)  are  being  subtly  modified  by  the  enemy  to  lend  confusion 
to  the  operation.  V/hile  it  is  not  within  the  province  of  the  intercept 
receiver  to  make  fundamental  decisions  in  such  matters,  it  is  impor¬ 
tant  that  the  intercept  receiver  not  introduce  further  confuiton  by 
an  inability  to  handle  the  received  date  without  further  distortion 
or  modification. 

Intercept  receiver  technology  is  in  a  continuing  state  of  chtnge.  New 
receivers  are  developed  not  only  to  reflect  the  recent  advances  in  more 
versatile  circuits  and  components,  but  to  meet,  as  well,  both  new  operational 
uses  (In  missiles  and  satellites,  for  example)  and  new  problems  imposed 
by  the  ever-changli^  electrical  and  environmental  characteristics  of  the 
signals  of  Intereiit.  Vet,  In  all  cases,  there  are  certain  underlying  relationahipa 
which  in  acme  form  affect  intercept  receiver!.  There  are  basic  operational 
conditions  which  affect  the  choice  of  receiver  circuits.  There  are  iinUtatlons, 
advantages,  and  compromises  In  basic  receiver  techniques  which  affect  the 
initial  design  of  a  particular  receiver.  There  are  aspects  whirJh  affect  the 
selection  of  a  receiver  for  a  particular  job,  or  which  determine  the  optimum 
employment  in  field  use  of  the  selected  receivers,  llicse  are  the  factors 
considered  in  this  chapter. 

9.2  Two  Important  Operational  Requtrementa  i  Intercept  Prohabii- 
ity  and  Signal  Selection 

The  principal  Job  of  the  intercept  receiver  is  to  provide  information  on 
the  existence  and  nature  of  various  signals — usually  in  the  minimum  pos- 


9-8 


ELECTRONIC  COUNTERMEASURES 


sibte  time.  The  detailed  questions  asked  of  an  intercept  system  misht  be 
one  or  more  of  the  following:  Arc  there  any  signals  present?  Whet  ar«  *>#i 
electrkel  characteristics  ol  and  directional  bearing  to  those  signals  present? 
Is  there  a  signal  present  having  certain  prescribed  characteristics  ^perhaps 
ill  frequency,  puisewldth,  prf,  etc-)?  Is  there  a  signal  present  which  is 
tracking  the  loi-atlon  of  the  receiver?  Is  there  a  new  signal  present  (new  in 
the  sense  that  the  transmission  has  just  been  added  to  the  general  tignal 
environment)?  Is  there  an  unusual  signal  present  (unusual  in  the  sense 
that  it  po-Hscssei  character.itirs  not  found  in  the  current  catalog  of  signals)? 
Is  there  a  signal  present  that  evidences  certain  characteristics  of  motion 
(perhaps  Identifying  a  missile  or  aircraft  transmission)?  Are  there  c-w  sig¬ 
nals,  FM  slgKals,  single  sideband  (SSB)  signals?  Is  there  evidence  of 
simultaneously  or  sequentially  pulsed  iransriiisslons  on  adjacent  frequencies? 
In  adjacent  bands?  In  widely  separated  bands?  Is  there  a  particular  single 
signal  in  existence  the  mere  presence  of  which  conveys  important  Inionna- 
tion?  Is  there  a  change  in  the  general  pattern  set  up  by  r.iar.y  signals  (in¬ 
crease  or  decrease  In  density,  general  geographical  ditpceltion,  etc.)  which 
carries  Immediate  tactical  irnplications,  perhaps  as  to  an  Imminent  missile 
firing,  a  realignment  of  ground  forces,  a  relocation  of  &  base,  etc.?  The  list 
la  almost  endless-  It  is  apparent  that  no  one  Intercept  system  will  answer 
a!)  such  questions  optimally. 

Regardless  of  the  epecific  questions  appropriate  to  the  problem  at  hand, 
there  are  certain  general  aspects  of  the  intercept  that  alweyi  must  be  con¬ 
sidered;  (I)  the  nature  and  amount  of  information  to  be  developed  for 
each  problem  signal  (knowledge  of  mere  existence  versus  determination  of 
detailed  characteristics),  (2)  the  forma  in  which  the  output  data  are  to  be 
provided  (lamp  indication  to  an  operator  or  camera;  panoramic  presentation; 
an  electrical  output  suitable  for  computer  proceasing,  for  recording,  for  re¬ 
transmission,  or  for  control  of  other  circuits,  etc.),  (3)  the  time  available 
for  data  Interception  and  processing  (very  short  in  the  case  of  initial  attack 
warning  versus  relatively  long  in  the  case  of  certain  coid-war  reconnaissance 
and  monitoring  processes),  (4)  the  environment  in  which  the  receiver  must 
operate  (this  encompasses  both  the  physical  environment  and  the  ilgna! 
environment). 

Many  of  the  practical  inr.pllrations  of  the  above  Itemi  In  receiver  design 
arise  In  the  consideration  of  two  factors  closely  identlAed  with  intercept 
receivers,  The  degree  of  intercept  probability  deflaes  the  basic  ability  of  the 
receiver  to  provide,  within  an  acceptable  time  interval,  reception  of  a  trans¬ 
mission;  the  term  considers  the  typical  elapsed  time  between  the  Initia! 
existence  of  a  detectable  signal  and  the  initial  reception.  Signal  ielection 
relates  to  the  further  ability  of  a  receiver  to  separate  a  rignal  for  additional 


THE  INTERCEPT  RECEIVER 


9-9 


trtstmentt  and  pouibly  to  Identify  tn  intercepted  stipci  m  being  of  a  cer¬ 
tain  type  or  class.  It  refers  to  abilities  to  measure  signal  cbi.iracterlstlce, 
and/cr  to  select  signals  oi^  the  basis  of  eiscttical  characteristics  or  opera¬ 
tional  behavior  a*  Iwing  ui  'e  and,  therefore,  worthy  of  particular  interest. 
Note  that  the  term  intercept  probability  is  frequently  broadened  in  meRRiug 
to  imply  the  ability  to  identify  signal  characteristics  as  well  as  !o  determine 
mere  existence.  This  is  perticulariy  logical  in  discussing  reconnaissance  re¬ 
ceivers.  Hovrever,  a  separation  of  functions  (into  intercept  probability  and 
signal  selection)  is  useful  in  considering  the  technical  details  of  the  receivers. 
These  topics  have  received  special  treatment  in  Chapters  4,  5,  and  6;  the 
concern  here  is  with  their  influence  on  receiver  design. 


9.2.1  lutemapt  ProbabHlIy 

A  basic  requirement  for  the  principal  Job  of  the  intercept  receiver  is  AfgA 
intercept  probablHiy,  and  no  other  single  design  objective  has  exerted  such 
influence  on  tl.e  development  of  intercept  receivers. 


Fiouri  9-2  A  typlul  rscUr  Intsrctpt  probten.  Scennini  entinnu  tn  invoivtd  at  both 
tranimittar  and  rtcaivtr  sltM;  tha  rtcelvtr  icani  an  Incramantal  acceptance  Und width 
A/  acro»»  a  total  monitored  frequency  ranee  of  Under  direction  and  frequency  (/y) 
coincidence  conditions,  a  limited  number  of  radar  puieei  would  be  intercepted. 

A  basic  radar  intercept  problem  Is  outlined  in  Figure  9-2.  Therein  is 
depicted  a  tunable  Intercept  receiver  operating  with  a  programmed  change 
(scan)  in  frequency  (an  Incremental  acceptance  bandwidth  A)  is  tuned 
periodically  through  f,t)  and  utilising  a  rotating  directional  receiving  an¬ 
tenna.  The  radar  is  presumed  transmitting  on  an  unknown  frequency  (/u) 
within  the  tuning  range  of  the  receiver  (/r/)  in  a  varying  direction  as  con- 
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trolled  by  iti  roUtinK  •ntenna.  For  isiercept,.  the  frequency  senn  process 
must  hsve  tuned  the  receiver  to  the  proper  frequency  at  a  tints  during  which 
g  signal  of  detectable  antpUtude  is  delivered  to  the  receiver  location.  This  is 
most  likely  to  occur  when  the  receivini;  antenna  is  aitned  at  the  radar  and 
when,  simultaneously,  tRe  radar  antenna  Ic  scanning  through  the  bearing 
to  the  receiver.  These  conditions  must  persist  for  a  time  long  enough  for 
the  receive)'  to  est&blish  the  ideritity  of  the  signal  a*  such.  For  tenltive 
Identiftcaticn  of  conventional  radar  transnissiens,  this  may  simply  mean 
that  the  receiver  must  not  tune  through  the  radar  frequency  in  the  Interval 
between  pulses.  If  knowledge  oi  signal  prf  it  requir^,  the  receiver  must 
remain  receptive  to  the  signal  long  enough  to  intercept  at  teast  two  con¬ 
secutive  pulses.  Zf  programmed  or  random  variations  of  emitter  charac¬ 
teristics  are  to  be  anticipated,  the  requirement  ei>compasses  correspondingly 
longer  times. 

Note  that  there  are  several  scanning  processes  involved.  The  probability 
of  the  necessary  time-frequency-directlcn  coincidence  is  Indeed  email.  Ai 
the  scanning  processes  are  reduced  in  number,  the  time  probability  situation 
improves  rapidly;  however,  it  is  inevitable  that  as  the  number  of  scanning 
processes  Is  reduced,  the  sensitivity  of  the  system  is  also  reduced,  unliH 
corresponding  complexities  are  incorporated  (mi'itiple  antennas,  channelised 
front-ends,  etc.).  !n  comparing  the  relative  merits  of  various  choices  and 
combinations  of  scanning  processes,  it  is  Important  to  consider  not  only  the 
sensitivity  and  degree  of  signal  selection  attainable,  but  the  possible  restric¬ 
tions  that  may  be  imposed  on  the  quality  of  signal  information  (pulse  shape, 
modulations,  etc.)  and  on  the  receiver  data  rate  (number  of  signal  char¬ 
acteristics  than  can  be  meuured,  number  of  signals  that  can  bo  simultane¬ 
ously  monitored,  etc.).  Fortunately,  it  Is  frequently  possible,  at  least  for 
initial  intercept,  to  use  an  omnidirectional  receiving  antenna  (0a  =  .160"). 
Further,  it  may  be  possible  to  use  a  non-scanning  I'lceiver  wide-open  in 
frequency  such  that  it  continuously  monitors  the  entire  assigned  r-f  band 
(A/  ~  !,/)■  Only  one  Kannlng  process  then  remains  (that  of  the  radar 
entenna)  and  a  signal  of  suHlclent  amplitude  would  be  dete:t»d  as  soon  as 
the  radar  antenna  scans  through  the  receiver  bearing.  Alternatively,  a 
narrow-band  (narrow  A/)  frequency  .<icanning  receiver  might  be  used;  this 
presumes  a  higher  sensitivity  such  as  to  assure  the  capability  for  detecting 
the  radar  transmission  through  minor-lobe  radiation.  Detection,  then,  would 
not  require  the  radar  beam  to  be  directed  at  the  receiver.  Again,  a  single 
scanning  |:roccss  remains  (that  of  the  receiver  in  frequency)  and  the  radar 
could  be  detected  as  soon  as  the  tuning  program  adjusted  the  receiver  to 
the  radar  frequency. 

The  situation  in  which  the  radar  signal  Is  detected  through  minor-lobe 
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rsd!«tlorj  or  through  energy  ecettered  from  elte  obliges  lie  common.  Tho 
uf«  aJ  this  Intercept  process  is  Implied  m  opUonsl;  Its  use  frequently  is 
mendstory  if  there  is  some  strong  likelihood  that  the  radar  traiumissiori 
would  not  periodically  be  beamed  at  the  receivor  (as  is  true  with  some 
weapons  systems;  or  at  some  receiver  locations).  Fortunately,  field  measure* 
meat  data  indicate  subetanCia!  radiation  from  minor  antertna  lobes  and  from 
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tad  37.) 

iSte  refiections  in  mariy  typical  cases  as  shown  in  Figure  9*3.  The  same  is 
generally  true  ae  regards  radiation  toward  the  senlth,  a  eitrtatlon  of  import¬ 
ance  in  high-altitude  reconnaissance.  Again,  measurements  show  average 
senlth  radiation  from  a  typical  ground-basod  radar  antenna  to  be,  com¬ 
monly,  only  a  hw  decibels  below  that  which  would  be  radiated  from  an 
isotropic  antenna.  Some  Interesting  results  of  su^h  measurements  are  con¬ 
tained  in  Reference  4. 

The  varlatldns  to  the  genera)  intercept  problem  are  many.  The  radar 
transmission  may  be  of  very  short  duration,  the  frequency  might  not  be 
constant  from  pulse  to  pulse,  etc.  Much  of  the  design  philosophy  of  inter¬ 
cept  receivers  is  based  on  the  need  to  adjust  conditions  (scan  processes, 
bandwidths,  etc.)  to  handle  optimally  the  many  variations. 

Simply  stated,  a  high  intercept  probability  exists  only  when  there  is  a 
high  probability  of  intercepting  a  particular  signal,  or  group  or  class  of 
signals,  in  an  operationally  acceptable  short  time.  Thus,  a  simple,  broad¬ 
band  crystal-video  receiver  oi  low  sensitivity  might  provide  the  optimum 
intercept  probability  in  a  bomlrer  defense  problem  where  practically  instant 
warning  of  a  strong,  local  signal  is  all  that  is  desired.  Yet  that  same  receiver 
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wgu9d  hi&vs  no  prRctk&i  intercept  probsbility  in  general  rcconnaiiieancc  for 
dl^tast  signals  too  weak  to  be  detected  by  the  cr;;eU!*videQ  device.  For  thr 
latter  task,  a  siowiy  tuned  superheterodyne  having  a  narrow  acceptance 
band  iand  a  consequently  higher  sensitivity)  might  provide  at  least  a  pos¬ 
sibility  of  success  in  detecting  the  weak  signal  Yet  the  luperheterodynei 
might  be  relatively  useless  (because  of  the  slow  scan  in  frequency)  In  the 
apparently  more  simple  warning  task  in  bomber  deiense  vtPhere  time  is  of 
the  essence. 

High  intercept  probability  in  an  intercept  system  impli^,  first,  a  sufficient 
sensitivity  in  the  receiver  to  permit  detection  of  the  signals  of  interest.  Be¬ 
yond  thb,  it  implle*  particular  abilitias  to  insure  detection.  It  guarantees 
certain  r-f  bandwidth  and  tuning  characteristics  such  that  there  is  a  high 
probability  that  the  receiver  will  be  recept've  to  the  frequency  of  transmis¬ 
sion  early  in  the  transmitting  interval.  It  suggests  that  Iwamwidth  and  scan 
characteristics  of  the  associated  antenna  will  favor  reception  from  the  direc¬ 
tion  of  the  signal  during  the  iranimitting  interval,  and  it  indicates  that 
there  are  characteristics  in  the  receiver  aiding  the  recognition  of  a  signal,  as 
such,  in  the  presence  of  noise  and  other  signals. 

9.2.2  signal  Scloction 

Historically,  an  intensive  search  for  special  receiver  techniques  some  years 
ago  produced  several  Importart  advances  in  receiver  design  contributing  to 
higher  intercept  probability.  This  genera!  success,  in  turn,  has  emphulsed 
■n  accompanying  problem — that  of  segregating,  analysing,  and  recording 
the  weslth  of  data  developed  in  a  high-signal  density  environment  by  the 
‘Improved”  ecelvers.  Thus,  along  with  the  more  obvious  general  receiver 
design  requirements  of  (1)  a  satisfactory  intercept  probability  for  the  signals 
of  Interest,  and  (2)  a  design  consistent  with  the  nature  of  the  physical  en¬ 
vironment  in  which  the  receiver  will  be  used;  there  is  now  a  general  recog¬ 
nition  of  the  possible  need  for  (3)  a  special  ability  to  operate  in  a  preKribed 
hIgh-densIty  signal  environment,  and  (4)  a  design  consistent  with  particular 
requirements  for  data  read-out,  analysis,  recording,  etc 

There  are  aeveral  design  approaches  to  items  3  and  4.  If  reconnaissance 
for  strategic  intelligence  purposes  Is  the  primary  objective  for  the  intercept 
receivers,  an  attempt  is  sometimes  made  to  develop  a  receiving  equipment 
of  such  versatility  that  it  can  handle  all  signals  in  a  complex  environment; 
the  intercepted  data  arc  processed  and  cataloged  immediately  In  great  de¬ 
tail  by  the  field  equipment.  Alternatively,  the  fidelity  of  detected  signal 
reproduction  of  the  receiver  is  made  such  that,  in  conjunction  with  a  wide¬ 
band  recorder,  a  record  of  the  full  signal  environment  can  be  made  with  an 
accuracy  and  detail  such  as  to  permit  subsequent  analysis  under  more  con- 
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venient  anttlysta  conditions.  A  mnjor  vsius  of  thU  second  approach  lies  In 
tha  ability  to  re^axamina  the  data  in  a  near-original  form  in  order  to  answer 
secondary  questions  that  might  later  be  posed.  An  important  problem  may 
remain  if  the  recording  must  be  restricted  to  envelope  characteristics;  signal 
Identifying  features  contained  In  small  unintentional  variations  In  radio 
frequency  or  phase  might  be  lost,  a^  we!i  as  intentional  variations  that  are 
fundamental  lo  the  operation  of  the  Intercepted  system  (FM,  pulse  com¬ 
pression,  etc.). 

These  are  standard  approaches  of  obvious  validity;  they  need  no  further 
discussion.  They  are  safe  in  that  the  chances  of  missing  an  irnporUnt  bit  of 
data  are  minimized  since,  theoretically,  all  signals  are  examined  and  treated. 
However,  these  approaches,  of  necessity,  require  complex  field  equipment. 
These  schemes  are  sometimes  combined  In  complex  systems;  the  usual  in¬ 
tention  then  is  to  record  only  those  unusual  signals  which  require  further 
analysis. 

A  useful  alternative  approach  can  be  exploited  if  a  less  general  rv^connais- 
sHnc3  task  is  at  hand,  or  if  the  receiver  Is  to  be  used  as  a  warning  device, 
or  as  a  signal  selector  in  a  Jammi  g  operation.  Some  signal  presegregation 
Can  be  employed,  commonly  by  an  electrical  presorting  within  the  receiver 
itself,  £uch  that  the  output  contains  only  those  signals  which  meet  certain 
prescribed  characteristics — in  frequency,  puiscwldlh,  prf,  polarization,  modu¬ 
lation,  antenna  scan,  amplitude,  etc.  (Only  two  or  three  of  these  parameters 
are  ordinarily  exainined  in  a  single  equipment.)  The  details  of  these  few 
selected  signals  are  then  read  out  or  recorded. 

In  a  sense  any  scanning  receiver  which  has  an  incremental  bandwidth  less 
thnn  the  lota!  r-f  spectrpim  assigned  for  monitoring  necessarily  does  ''signal 
sorting"  in  that  its  attention  at  any  time  Is  restricted  to  less  than  the  total 
picture;  it  does  not  receive  all  signals  all  of  the  time.  However,  this  fact  Is 
the  basts  cf  a  major  Intercept  probability  problem  In  receivers  employing 
frequency  scanning,  and  such  frequency  selectivity  may  not,  In  those  cir¬ 
cumstances,  be  a  useful  presorting  technique  since  the  resulting  reduction 
of  data  is  on  a  substantiuliy  unplanned  basis.  In  particular,  intercept  and 
analysis  of  the  significant  parameters  of  a  modern  radar  utilizing  rapid  varia¬ 
tions  In  transmitted  frequency  would  be  far  from  optimum. 

The  objective  of  eignal  sorting  is  to  reduce  in  a  logical,  selective  manner 
the  amount  of  data  that  must  be  subsequently  treated  by  an  operator  or  by 
associated  analysis,  recording,  or  control  circuitry.  The  success  Is  de|>endent 
on  how  well  u  signal,  or  class  of  signals  can  be  uniquely  identified  by  a  few 
sorting  parameters;  the  Job  obviously  becomes  more  complex  In  high-signal 
density  areas.  Fortunately,  certain  types  of  signals  can  be  selected  quite 
simply  via  the  use  of  two  or  three  sorting  parameters  such  that  remarkably 
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■lmp!e  receiver!  (but  of  restricted  generai  utility)  can  be  devised  for  special 
purpoaes. 

There  are  restraints  imposed  on  the  practical  utility  of  the  various 
schemes  for  presorting,  presegregatlon,  automatic  signal  recognition,  signal  j 

identification,  etc.  | 

There  is  first  the  concern  with  whether  or  not  a  signal  can  be  uniquely 
identified  through  measurements  of  a  limited  number  of  characteristics.  For 
some  signals  there  is  no  buic  problem;  but  other  important  signals  may 
differ  but  little  from  the  many  signal  types  which  cempoM  the  total  environ¬ 
ment.  Signals  tend  to  group  together,  particularly  in  frequency,  as  is  evident 
in  the  plot  (Figure  9-4)  of  the  frequency  disposition  of  90-odd  5-bsnd  , 

signals  intercepted  In  a  short  flight  along  the  California  coast.  Fortunately,  ‘ 

the  grouping  is  not  nearly  so  pronounced  in  certain  other  characteristics 
—illustrated  for  pulsewidth  and  prf  of  the  same  5-band  signals  in  * 

Figures  9-S  and  9-6  respectively.  Figure  9-7  is  illustrative  of  the  general  I 

sorting  problem  and  shows  the  cataloging  of  5-band  signals  Into  a  number  I 

of  bins  that  would  be  brought  about  by  sorting  through  measurements  of  ’ 

several  common  signal  parameters.  (It  should  be  noted  that  two  parameters  I 

I  ♦ 
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Fiouu  4-7  Slciul  tortlnf  broucht  about  by  saquceUal  Mrtini  procMM  (bJ-signal  S- 
buxi  Minpit),  PulMuridih  accuracy;  10%;  pr(  accuracy;  6%;  ican-rata  accuracy;  11%; 
frequency  accuracy;  30  meiacyclM.  Individual  parameter  reeolution  capabiUtlaa;  prf,  1 
ilfnala;  Kan  rate.  3  ilgnali!  frequency,  7  tifnali. 

may  not  be  really  independent;  pulsewidth  and  prf  are  often  not.)  The  ob¬ 
jective  of  the  iortlng  is,  of  course,  to  have  as  few  signals  per  bin  as  possible. 
Not  evident  in  Figure  9-7  is  an  important  additional  "sorting  in  time” 
brought  about  automatically  by  the  Manning  of  the  directional  antennas  as¬ 
sociated  with  the  signals  and  by  the  travel  of  the  receiver  (the  sample  was 
gathered  by  a  receiver  in  an  aircraft). 

A  second  aspect  of  the  sorting  process,  once  the  parameters  to  be  sorted 
havc.been  chosen,  is  the  order  in  which  they  can  optimally  be  handled  in  an 
intercept  receiver.  Certain  se'iuentlal  arrangements  are  usually  suggested  by 
the  time  required  to  measuie  each  parameter,  but  Important  alternatives 
involve  simultaneous  measurtn'.cnt  of  certain  combinatiomi  with  perhaps  a 
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coincidence  of  vtiue*  of  theie  parkmeteri  required  before  further  sorting  Is 
Kttempted.  For  exetTFpie,  frequency  nnd  direction  esn  be  obtained  un  &  pulse* 
by>pi>!ie  basis  and  a  subsequent  correlation  oi  both  of  these  parameters 
demanded  by  the  equipment  before  prf  (or  interpulse  interval)  is  measured. 
The  simplification  in  prf  measuring  circuitry  rasulting  from  this  presegrega- 
tion  of  interlaced  and  unrelated  signals  can  be  considerable. 

There  is  a  third  aspect,  one  over  which  the  equipment  designer  has  little 
control — the  quality  and  quantity  of  signal  data  available  to  the  receiver. 
This  afiects  system  operation  regardless  of  inclination  toward  treating  all 
data  or  only  presorted  data.  Propagation  is  a  major  factor  in  distorting  the 
data  available  to  the  receiver  for  measurement.  Figure  9*8  shows  a  i -micro* 


Fiovss  9-3  PuIm  "traini"  produced  by  ttrrsin 
and  lita  rafltctioni.  Succeutvt  “A<Kopc”  trac«i 
arc  ahown  with  a  10-mlcroMcond  time  baw.  The 
overlappins  direct  pulue  produce  the  eolld  paint 
in  the  initial  microeecond.  The  icanning  of  the 
S-band  radar  beam  produeei  the  veriabte  re- 
flectlcnt. 
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s«icand  pulie  as  received  at  a  ground  site  in  combination  with,  reflected 
energy  from  terrain  feature*.  If  the  time  delays  resulting  from  tnuUipi»>paUs 
propagation  are  greater  than  a  puiserridth,  the  resulting  signal  >i  receiver^ 
with  one  or  more  distinct  echoes.  The  energy  levs!  of  Ummo  eeboos  is  nstich 
lower  than  the  direct  [^uth  signal  if  the  radar  antenna  is  directed  toward  the 
receiver.  Hofrever,  when  the  receiver  sensitivity  is  aufflcient  to  receive  minor 
lobea  of  the  radar  via  direct  path  propagation,  the  correeponding  reilMted 
echoes  of  the  main  lobe  can  have  equal  or  gf»ater  enerf 'hus,  extraneous 
pulrss  can  be  received  whose  width  will,  in  general,  be  different  from  that 
of  the  transmitter.  Without  adequate  precautions  in  the  equipment,  these 
can  c  *'  'th  false  measurements  and  incorrect  impitcatlons  about  the  num> 
ber  of  w...  <ers  pr«ient.  (Site  and  terrain  reflections  account  in  laqp  part  for 
the  substantial  minor  lobes  associated  with  the  S*band  radar  antenna  pat¬ 
tern  plotted  !n  Figure  9-3.)  A  pulse  is  shewn  in  Figure  9-9  fcdlowlng  irani- 


FtousR  9-9  Effset  on  |)utM  sbspo  ol  multipath  propatatlon  bttwetn 
fixed  pcinti.  Succeutve  2-mlcroiccond  S-band  pulwi  are  ihown  in 
three  sroupt  dliplaced  In  time  by  a  few  lecondi. 
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Fnvu  C-iO  Bcrriikfi  vir(«tlo4  Uyoed-hsiiion  S- 
b«nd  loitttr  dc<Hi!  u  a  functloa  of  tia«.  Four  t^mcoiui 
amp)**  art  ihown.  A  OS*  beam  Kant  a  S.l*  MCtor 
Mch  O.l  wcoad.  Tha  tru«  boaring  i»  allgnod  ydth  the 
centerline  of  the  trace. 


miasion  through  trees ;  mul¬ 
tipath  diitortion  efTects  on 
sikpe  ere  evident.  The  ep- 
petent  time  variations  in  the 
bearirj  to  a  transmitter 
involved  in  an  S-band  trani- 
horis«n  tranimisalon  via 
troporpheric  acatier  are 
shown  in  Figure  9-*0;  the 
•ucceuive  traces  are  only 
0.1  second  apart.  Signal 
density  often  aF^>eart  as  a 
major  problem,  the  quanti¬ 
ties  of  signals  with  which 
th'*  circuitry  may  have  to 
contend  in  some  instances 
are  staggering  (References 
Sand  6). 

Presuming  there  is  some 
Justification  for  attempting 
a  presorting  of  signals,  a  third  questio.i  then  sris«s.  What  is  the  necessary 
measuiement  accuracy?  An  important  control  on  refinement  of  receiver  measur¬ 
ing  abilities  is  set  by  the  value  that  can  be  attached  to  the  readings.  Qualifica¬ 
tions  are  introduced  by  the  factors  outlined  earlier — the  q;>urious  signals,  etc.  In 
situations  requiring  emitter  parameter  details  as  a  matter  of  technical  Intelli¬ 
gence  Information  per  it,  absolute  accuracy  of  measurement  msy  be  signifi¬ 
cant  even  If  only  ons  signal  is  received  at  a  time.  A  high  degree  of  meaiure- 
ment  accuracy  might  also  b«  required  In  correlating  intercepts  made  from 
different  geographical  locations  or  recorded  et  different  times.  In  other  situ¬ 
ations,  where  a  capability  for  presorting  signals  is  the  prime  consideration 
in  establishing  accuracy  requirements,  some  latitude  may  be  permiuible. 
The  dUcusslon  to  follow  is  concerned  with  the  implications  In  presorting 
signals,  and  other  circumstances  in  which  it  is  legitimate  to  question  the 
need  for  high  measurement  accuracy  and  Its  attendant  cost  In  equipment 
complexity.  If  all  pulse  signal  repetition  rates  were  Axed — say  300  pulses 
per  second— there  w>uld  be  no  need  to  measure  the  repetition  rate.  If  there 
were  only  two  rates,  perhaps  300  pulses  per  second  and  2000  pulses  per 
second,  the  measurement  accuracy  could  be  very  coarse  indeed,  yet  be  com¬ 
pletely  useful  in  Identifying  the  proper  one  n(  the  two  categories.  The  ac¬ 
curacy  need  be  no  greate:  than  that  required  to  establish  meaningful  differ¬ 
ences.  However,  these  differences  are  sometimes  small,  for  example,  when 
it  is  desired  to  identify  a  particular  transmitter  unit  of  a  class  by  ..mall 
differences  in  signal  parameters— to  fingerprint  a  radar  by  noting  that  Its 
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pulse  repetition  rite  U  299  puliei  per  second  ra  ther  thin  the  norme!  300. 
This  process  iesitimitely  cilis  for  i  high  relitive  meseurcment  iccuricy; 
the  resulting  informiticn  cm  be  of  substmtiil  value  when  there  is  some 
-ertiinty  that  the  minor  parameter  perturbatiotu  do  not  vary  with  time  (by 
chance,  or  by  the  design  of  some  uncooperative  victims). 

Finally,  can  sorting  of  the  precision  required  be  accomplished  iechnicaily 
with  reasonable  circuitry  and  in  a  reasonable  time?  There  are  genuine  prob¬ 
lems  In  devising  automatic  circuitry  which  nieasurei  pulsewidths  over  very 
wide  dynamic  ranges;  which  relates  properly  the  pulses  is  interlaced  pulse 
trains;  which  measures  signal  polarization  in  a  definite  way;  which  deter¬ 
mines  antenna  scan  rates  oi  scan  patterns;  which  deflnes  modulation  types, 
etc.  Fortunately,  the  precision  required  in  the  measurement  of  any  one  quan¬ 
tity  drops  as  the  number  of  signal  parameters  taken  in  combination  in  the 
identification  is  increased.  The  measurement  accuracies  tabulated  in  Figure 
9-7  are  typical  and  are  not  unreasonable  in  simple  equipments. 

This  section  has  emphasized  some  problems  faced  in  certain  aspects  of  in¬ 
tercept  receiver  development  and  utilization.  The  purpose  Is  to  account  for 
and  Justify  some  unusual  practices  in  intercept  receiver  circuitry.  This  re¬ 
counting  of  so  many  problems  may  carry  implications  as  to  the  value  of  the 
intercept  operation.  There  is  none  intended;  there  are  ample  demonstrations 
oi  the  utility  of  intercept  receivers  and  of  the  practicability  of  deriving  com¬ 
plex  information  of  great  value  through  their  use. 

9.S  Intercept  Systems 

Section  9.2  Introduced  a  number  of  typical  questions  asked  of  an  intercept 
receiver,  such  ms:  Is  there  any  signal  present?  What  are  the  eiectrical  charac¬ 
teristics  of  the  signals?  In  reality,  these  are  translations  of  much  broader 
questions  that  are  sometimes  important  far  frc:n  the  held  of  electronic  recon¬ 
naissance  or  warning.  Some  of  these  might  be:  What  Is  the  dispusitlQn  of 
an  enemy’s  land  or  naval  forces?  What  is  the  electronic  order  of  battle? 
What  is  his  ability  to  defend  or  attack?  What  is  the  state  of  his  tecimology? 
What  are  his  intentions  about  surprise  attack?  Has  an  attack  been  launched? 
Is  there  a  weapon  system  trained  on  an  aircraft  or  submarine? 

The  answers  to  such  questlor  may  be  provided  at  least  partially  by  signs! 
intercept  alone;  ordinarily,  ho  er,  an  intercept  system  will  be  required  for 
the  total  job— to  provide  ail  po.ssibIe  primary  data,  to  translate  the  data 
into  meaningful  answers,  and  to  transfer  the  answers  to  the  intended  user 
In  an  acceptable  time. 

The  basic  Intercept  job  may  be  done  with  simple  equipment-  antenna, 
receiver,  and  indicator  lamp.  Sometime.s  a  much  more  complex  assemblage 
of  subsystems  is  required.  In  any  event,  the  intercept  receiver  alone  is  the 
concern  of  this  chapter.  In  practice,  the  Influences  of  the  characteristics  of  the 
antenna  and  of  the  a.ssociated  processing  and  display  circuitry  cannot  be 
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itnored  in  inicrcepi  receiver  detign  end  utilltslisn.  The  importasc*  oi  thase 
matters  Juitiflef  treatment  in  *  full  chapter;  accordingly,  antennu  and  their 
IniRuences  are  discussed  in  Chapter  29,  dlrectbn  finding  is  covered  in  Chapter 
10,  and  analysis  and  display  problems  are  treaiisd  in  Chapter  11.  .  sm  as¬ 
pects  of  a  system  are  subject  to  some  control  in  equipment  design  and  util¬ 
isation.  Prspagationai  efiecto  here  offer  some  contrast  but  may  well  be  of 
equal  importance  In  the  successful  utlM^tion  of  a  system — particularly  In 
those  circumstances  involving  diffraction  and  scatter  effects.  These  matters 
are  covered  In  Chapter  31- 

9.S.1  Heo«lv«rs  «a  n  System  Component 

Beyond  the  simple  system  as  visualized  above  (antenna,  receiver,  and  indi¬ 
cator),  the  comploxity  of  certain  intercept  problems  justifies  the  utilisation 
of  substantially  niore  complex  systems.  Correspondingly,  more  complex  re¬ 
ceivers  appear  !•>  such  systems,  (^dlnarily,  the  r-f  spectrum  to  be  monitored 
will  exceed  the  tuning  rangu  of  a  single  receiver.  Thus,  an  intercept  receiver 
might  have  several  tuning  heads  (coveriirg  different  r-f  bands);  or  if  simul¬ 
taneous  monitoring  of  the  Mvsral  bands  were  of  paramount  importance, 
'everal  receivers  might  be  devv^ted  to  the  total  system  problem.  Each  would 
be  associated  with  its  own  antenna,  and  there  might  be  substantial  differences 
in  individual  receiver  design  as  required  to  develop  acceptable  characteris¬ 
tics  in  the  different  r-f  ranges.  It  is  likely  that  some  interrelation  of  the  out¬ 
put  data  would  be  employed  vie  a  composite  read-out  unit. 

Even  if  only  a  single  r-f  band  were  to  be  monitored  several  receivers  might 
be  employed  in  combination  in  a  system.  !t  is  not  uncommon  to  utilize  a 
guard  (alerting,  warning)  receiver  featuring  special  intercept  capebilltics 
flrst  to  detect  quickly  the  presence  of  a  signal,  and  then  to  aid  the  utilization 
of  a  second,  analysis  (precision)  receiver  for  detailed  sigital  inspection  and 
read-out.  A  third,  d-f  receiver  Is  sometimes  em|>loyed  with  an  associated 
directional  antenna.  Several  receivers  might  be  incorporated  Into  a  system 
with  the  division  of  utilization  to  be  based  on  automatic,  semiautomatic, 
and  manual  operation.  This  usually  brings  about  a  corresponding  segregation 
of  data  su(h  that  the  numerous  routine  signals  are  handled  automatically, 
the  fewer,  unusual  signals  receiving  a  more  detailed  treatment  in  accord¬ 
ance  with  the  abilities  (and  limitations)  of  the  semiautomatic  and  manual 
processes. 

Systems  problems  in  the  full  sense  arise  in  such  circumstances.  There  are 
the  usual  technical  problems  associated  with  integration  of  equipments,  com¬ 
patibility  with  the  environment,  logistics,  Interfaces  with  other  systenvs  (a 
data  transmission  system,  for  example),  etc.  But  the  system  concept  often 
must  be  employed  simply  because  an  Intercept  receiver,  by  itself.  Is  incapable 
of  providing  the  desired  answers  to  questioiis  of  strategic  or  tactical  Import¬ 
ance. 
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As  an  Indication  of  th«  potential  (but  necessary)  complexity  of  intercept 
syKtems,  one  system  preposed  for  lon{>renfe,  ground'-to-ground  detection 
involved,  per  aelf-sufAcient  site,  24  intercut  receivers,  a  total  equipment 
weight  of  many  tons,  12  mee  in  the  actual  operating  crew  alone,  and  an 
Initial  cost  (instelled)  of  $iS,000,00C.  An  airborne  reconnaissance  equip¬ 
ment  (covering  several  bands  and  poesessing  some  remarkable  abilities) 
weighs  45(X}  pounds  and  costs  in  the  order  of  $2,000,000  per  unit.  Fortun¬ 
ately,  the  finple  system  shown  in  Figure  9-!(c)  Is  also  of  substantial  oper¬ 
ational  valusi. 

9.3.2  Sysleia  Evaluation  in  Terme  of  Signal  Inlereapt 

It  is  often  necessary  that  receiver  operational  characteristics  be  evaluated 
with  respect  to  the  total  system  objectivi;..  System  intercept  probebility  is 
influence  by  several  receiver  and  antenna  charactcrlatica — noise-Agure,  gain, 
predetection  (acceptance  bandwidth),  and  postdetecticn  bandwidth,  tuning 
range,  tuning  program  (frequency  scan  characteristic),  antenna  gain,  beam- 
width,  and  lean  characteristics,  etc.  It  is  difRcuIt  to  relate  these  factors  to 
give  some  quantitative  measure  of  the  intercept  probability  of  a  system.  But 
there  is  a  very  general  relationship  leading  to  a  flgure-of-merit  based  only 
on  the  composite  abilities  of  an  intercept  system  to  monitor  simultaneously 
both  frequency  and  geographic  area  (more  properly,  voiume-of-space).  This 
concept  presumes  that  the  frequency  and  location  of  a  signal  are  unknown 
snd  that  there  is  an  equal  profit  to  luccess  in  intercepting  a  signal  to  be 
brought  about  by  doubling  the  frequency  band  monitored  per  unit  of  time 
or  by  doubling  the  volume  of  space  (or  surface  area)  monitored  in  that  time 
Interval. 

The  common  denominator  to  improvement  in  both  aspects  Is  receiver 
noise-figure.  This  is  because  an  improvement  in  receiver  noise-figurn  is  the 
only  step  of  unquestionable  value  in  providing  for  a  basic  Improvement  In 
sensitivity  without  some  penalty  to  another  performance  parameter.  Sensi¬ 
tivity,  IS  such,  can  be  bought  without  a  change  in  nolse-flgure  by  a  con¬ 
striction  of  the  receiver’s  effective  noise  bandwidth.  The  attendant  increase 
in  maximum  range  of  reception  for  a  signal  of  given  chaiacteristics  results 
in  a  greaier  space  volume  monitored  per  unit  of  time;  but  the  accompany¬ 
ing  reduction  in  acceptance  bandwidth  of  the  receiver  decreases  the  fre¬ 
quency  range  monitored  per  unit  of  time  so  that  there  is  no  net  improvement 
in  the  flgure-of-merit.  In  similar  vein,  system  sensitivity  can  be  purchued 
with  higher  antenna  gains.  The  accompanying  range  increase  would  appear 
to  Improve  the  space  coverage  of  the  system  but  the  beamwidth  reduction 
associated  with  the  increased  gain  so  obtained  balances  out  any  Improvement 
in  actual  space  coverage  per  unit  of  time.  In  contra.st,  a  nolse-flgure  reduc¬ 
tion  can  increase  sensitivity — and  range — without  any  necessary  reduction 
in  bandwidth  or  beamwidth. 
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Conaideratioiii  of  time  art  Inevitable  In  t  diacuuion  of  eyttsm  intercept 
probability.  The  ftgure-of-inerit  referred  to  above  tneoiures  lyitem  per- 
fonuance  on  the  iMuia  of  fre<;uency  aiMi  rpace  coverage  per  unit  of  time.  A 
minimum  value  for  this  uait-of-time  it  aet  by  the  interval  over  which  a 
algnal  muat  be  obaervti  in  order  to  eatabliah  ita  exiatence  or  In  order  to 
measure  certain  charecteriatica.  It  varies  with  the  task  at  band,  a  few  mllli- 
aeconds  often  auffeing  for  pulae  aignal  intercqit  in  the  microwave  banda.  If 
the  time  available  tor  intercept  it  icngfr,  i.c.,  if  the  tranamlaaicna  exiat  for 
acrara!  "ukiita”  of  time,  a  system  of  lower  flgure-of-merit  might  be  able  to 
accumulate  more  uaeful  data  over  the  total  time  interval.  This  situation  la 
illuatratiHi  in  Figure  9-1!  where  the  relative  intercept  abilities  of  six  hypo¬ 
thetical  rectiver-antenna  systems  are  contrasted.  Tte  systems  are  assumed 
to  be  employed  in  a  ground-to-ground  monitoring  operation,  whence  an  area- 
of-space  (rather  than  a  volume-of-space)  is  the  configuration  of  interest;  ail 
receiving  antennas  are  usumed  for  the  sake  of  comparison  to  have  a  fixed 
vertical  beatnwidth  of  20°.  To  simplify  the  intercept  probability  problem 
somewhat,  it  is  assumed  that  side-  and  back-lobe  radiation  from  the  emitters 
of  interest  must  be  received;  the  beam  power  of  all  emitters  is  assumed  to 
be  1  megawatt  or  more,  with  an  average  minor-lobe  antenna  gain  of  0.2 
(7  db  below  isotropic)  giving  a  minimum  effective  radiated  power  of  200 
kw.  It  is  further  srsumed  that  an  azimuthal  sector  of  150°  and  a  frequency 
range  of  2  kmc  at  h'-band  must  be  monitored  by  each  of  the  receivers  com¬ 
pared.  The  unit-time  interval  (required  to  recognize  a  signal)  has  been 
chosen  as  1/50  second,  and  it  is  aicumed  that  this  length  of  time  is  devoted 
to  each  incremental  azimuthal  beamwtdth  and  to  each  incremental  accept- 
ciKC  bandwidth  in  the  scanning  proceu.  The  so-called  system  flgure-of- 
merit,  as  provided  by  an  arbitrary  multiplication  of  frequency  coverage  (in 
megacycles)  and  ares  coverage  (in  square  miles)  ii  plotted  along  the  abKisst. 
Receiver  A  is  wide-open  in  frequency  and  employs  an  omnidirectional  an¬ 
tenna.  The  figure  of  merit  (performance  number)  of  this  combination  is 
given  by  the  intercept  of  curve  A  with  the  sbKlssa,  this  marking  the  per- 
fotmance  for  the  initial  unit-time  interval.  It  is  unchanging  with  time  (except 
for  the  pracfUal  benefits  of  the  continuing  monitoring)  since  there  are  no 
scanning  processes  incorporated  in  the  receiver  or  antenna  operations.  In 
effect,  the  simple  receiver  can  determine  only  the  existence  of  a  signal  and, 
perhap.s,  pulsewidth,  prf,  and  transmitting  antenna  scan  rate.  The  second 
combination  employs  a  directional  antenna.  No  performance  change  results 
fur  the  initial  unit  of  time;  despite  the  greeter  range,  the  MHai  area  coverage 
is  unchanged.  Rut  the  over-all  perfoimance  improves  with  antenna  scanning 
(because  of  the  area  Increase)  as  indicated  in  Figure  9-11  and  reaches  a 
much  higher  eventual  performance  number  by  the  end  of  a  complete  antenna 
rotation  (in  30  units  of  time).  Soms  d-f  capability  is  added.  Thereafter  the 
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I  operetion  ii,  to  a  degree,  redundant.  In  e  simiiar  manner,  the  addition  tsi  a 

I  broadband  TWT  preampUf.<r  provides  an  over-all  benefit,  aa  indicated  by 

I  curve  C  and  curve  D  (which  ahews  the  effect  of  the  addition  of  a  dirccilonsl 
antenna).  The  5tb  and  6ih  eombinatien;  (curves  E  nnd  F)  involve  scanning 
superheterodyne  receivers  with  relatively  narrow  (20  megacycles)  acceptance 
bandwidths.  It  is  interesting  to  note  that  the  initial  performance  number  for 
these  two  receivers  is  lers  than  that  of  the  TWT  plus  wide-open  crystal- 
video  receiver  despite  the  higher  sensitivity  of  the  superheterodyne.  Combina¬ 
tion  C  might  be  the  preferred  choice  as  a  warning  receiver  for  a  very  short 
duration  signal.  But  if  the  lisnal  transmission  were  of  longer  duration — 
preferably  greater  than  the  Kanning  times  of  the  scanning  systems — the  total 
abilities  of  the  scanning  ii'perheterodyne  system?  to  develop  informatlm 
eventually  would  exceed  that  of  the  simpler  receiver  (the  relative  limits  are 
tabulated  on  Figure  9-11);  the  scanning  systems  then  would  provide  the 
better  results,  i.e.,  there  would  be  a  probability  of  intercepting  transmitters 
when  located  at  greater  distances.  Further,  a  frequetKy  measuring  ability 
h.u  been  added. 

The  practical  value  of  the  ftgure-of-merit  concept  is  limited;  but  it  does 
support  the  Idea  that  there  is  a  matter  of  compromise  in  system  design  in¬ 
volving  a  tradi  of  abilities.  Sometimes  the  profits  or  penalties  are  obscure. 
Fur  example,  high  altitude  reconnaissance  might  be  conducted  with  a  scan¬ 
ning  receiver  located  in  a  moving  vehicle.  It  might  be  necessary  to  use  a 
downward-directed  directional  antenna,  perhaps  to  develop  sufficient  sen¬ 
sitivity  to  detect  weak,  minor-lobe  tenith  radiation.  The  system,  then,  is 
constricted  both  In  initantsneuus  frequency  coverage  and  in  Instantaneous 
apace  coverage;  both  frequency  and  space  scanning  processes  are  involved 
(the  latter  is  brought  about  by  the  motion  of  the  vehicle).  An  investigation 
of  the  rigure-of-merlt  of  the  system  in  terms  of  a  general  intercept  probabil¬ 
ity  variation  with  respect  to  altitude  and  speed  of  the  vehicle  shows  no 
change  in  flgure-of-merit  over  surprisingly  large  ranges  when  the  system  is 
optimally  designed  for  each  combination. 

Of  course,  there  are  many  reasons  arguing  for  the  selection  of  a  particular 
receiver  acceptance  bandwidth,  system  antenna  beamwidth,  etc.,  other  than 
the  consideration  of  an  idealized  general  intercept  probability.  It  might  be 
that  all  expedients  In  bandwidth  and  beam  narrowing  might  have  to  be  ex¬ 
ploited  simply  to  generate  enough  sensitivity  to  provide  some  small  pos¬ 
sibility  of  intercept  (a  not  uncommon  situation  at  frequencies  above  X- 
band).  Or  it  might  be  that  a  narrow  acceptance  band  is  Justified  by  stringent 
frequency  resolution  requirements,  etc.  This  discussion  is  intended  to  display 
contrasts  in  the  abilities  of  some  common  receiver-antenna  combinations,  and 
to  point  up  the  sometimes  unsuspected  merits  of  some  of  these  combina- 
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ticii»~the  broadband  cryitai'Video  racaive;:  p^ua  loir-noSae  rf  pr^ampUfication. 
for  examplts.  Tha  major  Influence  of  the  antenna  ia  aSio  evident,  and  although 
such  matters  are  not  vrithin  the  purview  of  this  chapter,  the  relative  mfritsi 
of  omnidirectional  and  direcfiona!  antennas  (or  signal-search  purposes,  and 
the  effects  of  beam  width  and  rotation  rate  nf  dlr^tional  antennas  on  inter¬ 
cept  probability  become  apparent. 

Choices  of  design  parameters  of  receivers  must  be  made  in  tne  knowledge 
that  there  may  be  come  attendant  penalty  to  system  flgure-of-merSt  and  that 
there  is  an  optimum  choice-optimum  in  the  sense  that  what  is  Sticriflced  ir. 
space  coverage  or  in  frequency  coverage  or  in  monitoring  time  can  best  be 
afforded.  The  choices  are  different  for  different  operatioral  situations  and  the 
many  useful  combinations  of  receiver  parameters  result  in  the  many  existing 
forms  of  receivers  found  in  Intercept  systems. 

9.4  Sonsitivlly  Standards  and  Signal  Strengths 

Several  standards  for  quoting  microwave  intercept  receiver  sensitivities 
have  come  into  common  usage.  All  define  sensitivity  in  terms  of  a  minimum 
acceptable  signal  power,  usually  specifled  in  decibels  below  a  milliwatt 
(—dbm)  delivered  to  the  receiver  input  terminals.  Frequently  in  the  practical 
case  there  is  a  subjective  decision  involved  as  to  whether  a  signal  pulse  could 
(or  would)  be  detected  in  the  presence  of  the  inevitable  noise.  There  are 
influences  im{K}6ed  by  the  type  of  signal,  the  type  of  decision  (visual  display 
plus  operator,  automatic  electrical  detection,  etc.),  the  time  that  can  be 
devoU?d  to  the  decision,  etc.  It  is  obviously  important  In  comparing  receivers 
to  know  that  identical  standards  for  quoting  sensitivities  are  teing  employed, 
and  that  these  standards  recognise  the  practical  needs  of  the  intercept  job. 
Section  9.4.1  will  dlK'uss  three  standards  which  have  the  virtue  of  reason¬ 
ably  definable  relationship  between  minimum  signal  power  and  the  receiver 
noise  power  with  which  a  signal  must  compete.  These  are  (1)  equal  signal- 
to-noise  standard,  (2)  tangential  signal  sensitivity,  and  (3)  triggering  sen¬ 
sitivity. 


9.4.1  Senaitivlty  StanctenU 

A  problem  in  intercept  receivers  stems  from  the  Uck  (which  must  be 
presumed  in  most  cases)  uf  a  priori  information  concerning  the  character  of 
the  signals  to  be  intercepted.  The  receiver  usually  must  accommodate  simul¬ 
taneously  a  variety  of  signal  types^-'perhaps  the  design  cannot  be  made 
optimum  for  any  one.  As  a  consequence,  a  signal-to-noise  ratio  may  well  be 
required  that  is  higher  than  that  acceptable  in  radar  receivers  where  inte¬ 
gration  is  possible.  It  is  a  rare  case  when  a  microwave  signal  whose  peak 
power  merely  ecjuals  average  noise  power  can  l>e  detected.  However,  sen¬ 
sitivities  are  sometimes  quoted  on  that  **equal  signal-to-noisc”  basis. 
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It  U  more  lively  thct  the  intercept  receiver  will  require  peek  slfneli  meny 
deciheU  above  the  avereise  nclM  power.  Thus,  it  has  become  cc’nmon..  niter- 
natively,  to  rate  receivers  as  to  "tangectial  sensitivity.”  This  is  a  term 
referring  to  a  signaf-tc-»c!se  situation  such  that  the  presence  of  a  signal 
pulse  will  raise  the  noise  level  by  an  amount  equal  to  the  average  undisturbed 
noise  level  as  viewed  on  an  A-scop«  presentation.  This  also  presumes  that 
such  an  event  can  be  noted  in  practical  circumsta.ices.  The  situation  Is  as 

indicated  in  Figure  9- 12.  An  Increase  in 
signai  power  of  about  six  decibels  above 
tho  equal  signal-to-noise  condition  is  re¬ 
quired  to  establish  the  tangential-signal 
condition.  In  other  words,  a  receiver  with 
a  tangential  signal  sensitivity  of  —84 
dbm  is  actually  6  decibels  more  sensitive 
than  one  with  a  quoted  —  S4  dbm  equal 
signal-to-nolse  power  sensitivity. 

With  the  increasing  interest  in  automatic  detection  and  operation,  a  trig¬ 
gering  sensitivity  becomes  particularly  meaningful.  This  term  recognizes 
the  incorporation  of  decision  circuitry  (In  place  of  a  humnn  operator)  in  the 
system  to  make  the  basic  decision  as  to  the  prsMnee  or  absence  of  a  iignal 
In  a  given  observation  time  interval.  Much  subtlety  has  gone  Into  the  design 
of  “electrical  detectors”  to  enhance  their  abtlltiei  in  signal  recognition.  To 
the  extent  something  is  Vnown  of  the  signal  (its  bsndwidth,  modulation  form, 
etc.)  certain  advantages  can  be  gaired.  But  in  the  general  case  of  deciding 
that  a  particular  observed  pulse  represents  a  signal  and  not  a  random  noise 
incident,  little  is  ordinarily  done  except  to  base  the  decision  on  amplitude. 
If  a  pulse  exceeds  a  certain  amplitude  with  respect  to  *he  average  noise  level, 
there  is  a  certain  probability  that  it  represents  a  signal;  the  higher  the  am¬ 
plitude,  the  greater  will  be  the  confidence  in  the  decision.  If  a  low  faise-alarm 
rate  must  be  established,  the  triggering  threshold  must  be  high  and,  typically, 
might  require  signals  15  decibels  above  the  average  noise  level.  Thus,  a  re¬ 
ceiver  deiigned  for  electrical  detection  might  have  a  triggering  sensitivity  of 
—  75  dbm.  In  a  sense,  this  would  represent  an  engineering  equivalent  of  a 
receiver  with  a  —90  dbm  sensitivity  based  on  equal  lignal-to-noise  ronditions, 
or  of  a  receiver  of  —84  dbm  sensitivity  based  on  tangential  sensitivity  stand¬ 
ards.  Note  that  —75  dbm  is  the  practical  niimoer  for  quotation  if  automatic 
detection  is  a  fundamental  part  of  the  intercept  process,  i.e.,  a  signal 
power  of  —75  dbm  has  to  be  established  at  the  receiver  terminals  for  the 
Initiation  of  any  recognition  action  or  control  function  by  the  receiver. 
Were  it  possible,  as  an  alternative,  to  utilize  an  observer  able  to  rw.pond  on 
a  tungential  signal-level  basis,  the  receiver  could  be  operated  usefully  with 
correspondingly  lower  input  signal  amplitudes. 
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The  problema  of  openting  automatic  detection  circuitry  on  an  amplitude 
threshold  basis  revolve  around  the  probability  of  a  rendoin  noise  peak  exceed¬ 
ing  a  thresnold  amplitude  (References  7  and  8).  FSgurn  9-13  relates  to  this; 


II*  i»*  n*  ir  ir  «*•  iM*  !•*•  11^  It'** 

IwIrWt  Ww  •(•rtR  fuw  iTilMi  (fru 


Fxouftx  FftlR  tUrmi  In  tlectrlcsl  detvction  ii  controltod  by  thrcihhold  Mttlng. 

A  noriaiAlIzed  quantity — bandwidth  multiplied  by  average  time  between  noise 
triggerings  (£*^a) — Is  plotted  against  threshold  setting  in  decibels  above  pre¬ 
detection  average  noise  power.  Although  it  is  convenient  to  assume  g&ussian 
noise  in  signal  versus  noise  problems^  it  should  be  recognized  that  this  is  an 
idealized  circumstance  not  always  encountered  in  practice. 

Observation  time  and  receiver  effective  noise  bandwidth  e^ect  the  inter¬ 
pretation  of  the  data  in  Figure  9-13;  the  greater  the  bandwidth,  the  more 
rapid  can  be  the  rate-oi-change  of  amplitude  of  a  voltage  or  current  In  a 
system,  I.e.,  a  greater  number  of  fluctuations  can  take  place  in  a  given  obs#ir- 
vation  time  Interval.  Thus,  a  million  noise  peaks  per  second  might  be  ob¬ 
served  in  a  system  having  an  effective  noise  bandwidth,  B,  of  1  megacycle. 
The  probability  of  a  noise  peak  exceeding  an  amplitude  level  9  decibels  al>ove 
the  average  noise  level  is  such  that  (from  Figure  9-13)  =  5000.  The 

number  of  false  triggerings  per  second  is  given  by  l//^.  Thus,  200  false  trig¬ 
gerings  (and,  possibly,  false  alarms)  from  random  noise  pulses  could  be 
expected  in  each  second.  With  the  same  triggering  level,  the  average  false 
alarms  would  drop  to  two  per  etch  10-second  interval  if  the  system  noise 
bandwidth  were  reduced  to  1000  cycles.  Alternatively,  if  200  false  trlggerbtgs 
per  second  were  considered  excessive,  an  increase  In  triggering  amplitude 
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threshold  of  only  5  decibels  (with  u  correipondii.g  decreiue  in  effKtive 
receiver  trigfierint;  sensitivity  of  only  S  decibels  to  14  decibels  above  tvertf^e 
noise)  would  reduce  the  nuii^bsr  on  sn  9iverai|;e  to  approximately  one  per 
day.  In  other  words,  triggering  rsliab'llty  increases  rapidly  for  very  little 
loss  In  seniitivlty  once  a  certain  triggering  level  range  has  been  reached;  this 
is  of  substantial  operational  importance. 

The  signal-to-nolse  i>oweF  relationship  plotted  In  Elgiire  9-13  can  be  inter¬ 
preted  in  another  manner.  The  threshold  c'rcuitry  Is  confronted  with  a 
combination  of  signal  and  noise.  If  the  signal-to-nolse  ratio  in  decibels  equals 
the  threshold  setting  in  decibels  above  predctectlon  noise  power,  there  la  a 
SO  percent  probability  that  the  combination  would  exceed  the  threshold  set¬ 
ting  and  that  the  signal  would  therefore  be  detected. 

Detector  characteristic  and  the  relative  pre-and  post-detection  bandvvidths 
affect  the  retationihlps  shown  in  Figure  9-i3  on  a  fractional-decibel  basis 
over  common  ranges  of  the  bandwidth  parameters. 

From  the  foregoing.  It  Is  apparent  that  there  Is  a  substantial  cost  in  system 
sensitivity  if  electrical  detection  is  used.  This  is  true  when  the  slgnal-to-noise 
decision  must  be  made  on  a  purely  amplitude  bails.  Unfortunately,  this  may 
be  the  only  basis  if  the  search  Is  for  unknown  signals  of  undeilned  charac¬ 
teristics.  When  more  is  known  of  the  characteristics  of  the  signal  sought — 
pulsevridth,  prf,  pulse  grouping,  spectrum  details,  etc.— much  of  this  loss  In 
sensitivity  can  be  regained  by  the  use  of  more  complex  decision  circuits 
tailored  to  those  characteristics  of  the  signal  which  differentiate  It  from  noise. 
In  some  instances,  signals  whose  amplitudes  a<e  ieis  than  the  average  am¬ 
bient  noise  can  be  selected  reliably. 

9.4.2  Received  Signet  Strength 

It  is  a  normal  objective  in  receiver  design  to  reduce  the  noise  In  the  rr- 
ceiver.  When  this  has  been  carried  out  as  far  as  is  practical,  there  still  re¬ 
mains  the  question  as  to  whether  or  not  a  signal  can  be  detected.  Will  the 
signal  power  exceed  that  minimum  value  defining  the  receiver  sensitivity? 
This  question  foc>tse&  attention  on  the  ranges  of  signal  levci.'i  likely  to  be  en¬ 
countered  in  practical  circumstances. 

An  intercept  will  be  accomplished  successfully  only  if  the  signal  level  at 
the  receiver  input  terminals  equals  or  exceeds  the  threshold  value  necessary 
to  overcome  successfully  the  total  receiver  noise  iwwcr,  A’',,  referred  to  the 
input  circuit.*  The  signal  power  actually  delivered  to  the  receiver  under 

*Thii  ii  the  power  of  a  noise  generstor  at  (he  Input  terminals  of  a  nniKless  receiver  of 
like  total  power  gain  needed  to  account  fur  the  actual  noise  power  In  the  output  of  (he 
actual  rKelver. 
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typicjt!  line  of'Sight  conditions  wi!!  depend  on  the  transmitted  elKnal  p^wer, 
the  range,  the  gain  characteristics  of  the  trcnstnitting  and  receiving  antennas 
effective  over  the  transmission  path,  and  propagatlnn  conditions.  PrsBumlng 
standard  iine-of-slght  transmiwion,  the  received  signal  power  is  given  by 


Pa  —  Pt 


Gr  Oa  A® 

•  “?4;)Tir 


(<>-») 


where  Pa  =  received  signal  power  in  watts 
Pr  ~  transmitted  power  in  watts 
Cr  =  transmitting  antenna  gain* 

Gjf  =:  receiving  antenna  gain* 

A  =?  wavelength  in  the  same  units  representing  range  Jt 
R  ==•  sericration  between  transmitter  and  receiver 

*The  antcnu  siin  vsluti  are  e!f(ctiv«  gelni  spplylns  at  tk*  memer.t  9v«r  tb«  tranimli- 
lion  p«th.  An  iiotropk  intenns  giin  ii  tiken  si  unity,  .An  effictivi  ndar  intrnns  gain 
tnlghi  ba  10,000  to  1  (40  ikclbtU)  in  thi  miln  bosm;  bus  It  sIm  might  be  1/10  (~10 
dictb«!i)  If  aviriie  bsek-lobi  or  i«nlth  radintlon  condltloni  win  sppllcabli. 

A  useful  alternato  expression  it  given  by  £q  (9>3)  which  ie  developed  by 
noting  that  the  capture  area  A  of  the  receiving  antenna  is  related  to  receiving 
antenna  gain  and  wavelength  by 


A  Es  CA*/4ir 

(9-2) 

Pa  ’^fCrA  k'/4w  R» 

(9-3) 

where  A  is  the  antci  nu  roM-iectlona!  area  in  the  units  representing  range 
R,  and  M'  is  an  "eff.c.  ncy  factor,”  commonly  0.6  for  microwave  parabolic 
antennas.  The  remainder  of  the  units  are  as  above. 

It  is  possible  to  facilitate  estimation  of  received  signal  power  by  use  of  the 
lInc-of'Sight  signal  strength  chart  reproduced  as  Figure  9-14.  'Fhe  chart  Is 
actually  two  graphs  plotted  on  one  sheet.  The  right  vertical  and  upper  Mori- 
iottlai  scales  relate  slgtmi  power  deasity  and  distance  between  transmitter 
and  receiver.  For  this  calculation,  the  diagonal  lines  represent  the  effective 
radiated  power  (ERP)  of  the  transmitter.  The  left  vertical  and  lower  horl- 
MOHtal  scales  relate  receiving  antenna  capture  area  and  operating  frequency. 
For  this  determination,  the  diagonal  lines  represent  receiving  antenna  gain 
over  an  isotropic  antenna.  The  two  plots  have  been  combined  to  minimise 
the  number  of  charts  required  to  cany  through  a  calculation.  Each  calcula¬ 
tion  is  ordinarily  a  two-step  process.  For  example: 
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TO  DETERMINE  POWER  DENSITY 

Given;  Transmitted  Power  =  lOQ  kilowatts  (kw) 

Tr^nimitted  Antenna  Gain  32  decibels  (db) 

1.  anamitter’Receiver  Range  =  100  nautical  miles  (nmi) 

First,  deiermine  ths  £RP  for  the  trp,nsmitt«r  in  decioeU  above  a  v;att  (dbw). 
In  the  example,  100  k\v  =  10'’  watts,  or  50  dbw.  For  an  antenna  gain  of 
35  db,  the  ERP  =  50  dbw  -f  <59  db  =  £5  dbw.  Enter  the  upper  horiaontal 
scale  at  iOC  nmi  and  project  downward  to  the  "85”  diagonal-  Project  to  the 
right  vertical  scale  nnd  read  —2  dbm/sq  mster  as  the  power  density  of  the 
receiver. 

rO  DETERMINE  RECEIVED  SIGNAL  POWER 

Given:  Operating  Frequency  ==  10,000  megacyclea  per  second  (me) 
Receiviirg  Antenna  Gain  —  10  decibels  (db) 

Enter  the  lowpr  horiaontal  scale  at  10,000  me  and  project  up  to  the  "10” 
diagonal.  Project  to  the  left  vertical  scale  and  read  capture  area  as  —31  db 
with  respect  ‘o  a  square  meter.  The  signal  power  at  the  receiver  input  ter* 
mlnsi  Is  then  —33  dbm.  This  results  from  combining  the  values  for  powsr 
djnsity  (  —  2  dbm)  and  capture  area  (—31  db). 

This  example  represents  only  one  of  several  ways  in  which  the  chart  may 
be  used.  It  is  possible  to  begin  with  a  known  receiver  sensitivity  and  re¬ 
ceiving  antenna  gain,  and  to  determine  the  maximum  range  at  which  a  given 
signal  could  be  received.  More  generally,  there  are  aiu  variables  involved: 
transmitter  power,  transmitter  antenna  gain,  frequency,  receiving  antenna 
gain,  receiver  sensitivity,  and  range.  Any  one  quantity  can  be  solved  for  when 
the  other  five  are  given  or  can  be  estimated. 

A  very  wide  range  of  received  signal  powers  can  be  anticipated  under  nor¬ 
mal  intercept  conditions  when  the  great  variety  of  operational  uses  for  a 
receiver  are  considered.  This  is  illu.strated  in  Table  9-1  where  some  represen¬ 
tative  cases  involving  a  typical  range  of  transmitter  powers,  frequencies,  an¬ 
tenna  gains,  etc.,  are  tabulated. 

An  examination  of  Table  9-1  Indicates  that  very  strong  signal  levels  can  be 
anticipated  in  many  practical  circumstances.  This  is  indeed  true  and  sut 
ports  the  use  of  relatively  insensitive  receivers  (direct-detection  receive, 
for  example)  whete  there  is  a  resulting  profitable  improvement  in  ease  of 
operation,  technical  simplicity,  reliability,  etc.  It  is  sometimcj  argued,  too, 
that  additional  sensitivity  would  .serve  only  to  add  redundant  or  routine  In¬ 
formation  of  no  great  value  and  with  the  decided  complicating  aspect  of  in¬ 
creased  signal  density.  However,  this  general  argument  must  be  considered 
with  care  since  a  somewhat  more  sensitive  receiver  can  be  operated  on  a 
less-sensitive  basis  (by  an  increase  in  acceptable  threshold  levels,  for  In- 
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TA3LE  9.1  TYPICAL  RECEIVED  SIGNAL  POWER  IN  RADAR 

INTERCEPT 

(Receiving  Asitenns  Preiumed  Tc  Hive  Unity  Gain) 
(Linf'Of'Sight  Trinintietion) 


Friqucncy 

(STiC) 

fSio6“ 

3,000 


Traninr.ttter 
peak  power 
(w&tti) 


4  %  iO^ 


•Ptih^A  i^ain 
(db) 


RcceSvod  power 
(— dbm) 
ZT’* 


40,000  I  0.1  X  10«  I  Si  I  19  I  — 

^i^inor  loU  radlAYian.  "" 

stftpce).  The  amount  of  data  obtiIn(,d  would  be  equal  to  that  received  from 
the  basically  leaa-iensitive  equipment,  but  that  portion  received  near  the 
axaigned  threihold  amplitude  level  will  be  cleaner  (with  reipect  to  signal- 
to*noise  ratio)  and  therefore  possibly  subject  to  a  more  meaningful  analysis. 

When  maximum  system  sensitivity  must  be  achieved,  it  Is  important  to 
note  the  Inclusion  of  receiving  antenna  gain  in  Eq  (9-3).  If  maximum  sen¬ 
sitivity  U  not  the  prime  requirement,  antenna  gain  may  still  be  an  important 
system  parameter.  For  example,  the  improved  system  sensitivity  provided  by 
a  directional  antenna  might  permit  a  trade,  in  the  receiver,  of  basic  receiver 
sensitivity  for  receiver  bandwidth,  thus  giving  a  greater  intercept  probabil¬ 
ity  in  some  circumstances.  Further,  the  directional  characteristics  (narrower 
beamwidth)  accompanying  higher  antenna  gain  may  be  important  in  en¬ 
hancing  the  reception  of  signals  from  a  preferred  direction,  In  excluding 
signals  from  certain  directions,  or  In  pinpointing  the  direction  of  arrival  of 
selected  signals. 

Tne  attention  In  this  chapter  to  microwave  receivers  Accounts  for  the 
emphasis  on  received  power;  it  being  convenient  with  microwave  calcula¬ 
tions  to  work  in  terms  of  power.  At  lower  frequencies,  precedent  for  express¬ 
ing  receiver  sensitivity  in  microvolts  has  been  set;  the  sensitivity  is  defined 
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2£  signftl  vcitftge  which  eatablUhef  a  sultablo  signal-to-noise  voitage  ratio. 
In  that  case,  it  is  natural  to  coiuider  the  strengthi  in  microvolts  per  meter, 
of  the  electric  fleld  establlsheo  at  the  receiver  antenna.  This  field  intensity 
when  multiplied  by  the  effective  height  of  the  antenna  provides  the  desired 
signal  voltage  value  at  the  receiver  terniinaU.  These  quantities  are  standard 
for  low-frequency  usage  and  need  no  further  elaboration.  Unfortunately, 
complex  propagation  conditions  may  well  apply  at  the  lower  frequencies  and 
no  simple  .imputation  of  signal  strength  [the  count<arpart  of  £q  (9-3)] 
ordinarily  can  be  employed. 

It  is  pucsible,  of  course,  to  convert  an  available  signal  power  from  a  signal 
source  to  an  equivalent  voltage  across  the  receiver  input  terminals  when  the 
circuit  impedance  conditions  are  specified.  In  this  connection,  impedance 
matching  is  a  standard  practice  to  be  anticipated  in  most  circumstances. 
Some  exceptions  where  an  improved  performance  can  be  obtained  by  some 
deliberate  impedance  mismatch  between  antenna  and  receiver  are  covered 
in  Section  4J  of  Reference  1. 

9.5  The  Impormrit  Characterletlea 

There  are  substaruial  differences  In  intercept  receiver  design  para¬ 
meters  with  respect  to  those  associated  with  receivers  In  general.  Yet  there 
are  extensive  basic  similarities;  a  knowledge  of  receiver  techniques  in  gen¬ 
eral,  which  this  chapter  presumesi  provides  a  luittiMe  framework  so  that  in 
the  lollowing  discussion  attention  can  be  given  primarily  to  the  differences 
in  intercept  receiver  design  characteristics. 

As  a  preliminary,  intercept  receiver  bandwldths  and  tuning  proce^  are 
worthy  of  pa>‘ticular  attention.  Such  consideration  is  lacilitated  by  a  general 
deHnltiun  of  certain  related  parameters. 

D  represents  the  total  r-f  bandwidth  (usually  in  megacycles)  assigned  to 
a  receiver  for  monitoring. 

a  Is  the  increniental  acceptance  bandwidth  of  the  receiver,  i.e.,  the  range 
of  frequencies  (a  fraction  of  D)  over  which  the  receiver  is  sensitive  at 
any  instant.  It  !s  sometimes  identlAcd  as  the  predetection  bandwidth. 

fi  is  the  postdetection  bandwidth.  It  is  the  video  (or  audio)  bandwidth. 

B  i.s  the  effective  nol.se  bandwidth  and  ordinarily  will  have  a  numerical 
value  between  a  and  (i.  The  value  will  detx'nd  on  a,  fi,  the  detector 
characteristic  (linear,  square  law),  etc* 

is  the  cycling  time  of  the  tuning  process,  if  any.  The  incremental  band¬ 
width,  a,  can  be  tuned  acro.ss  the  total  range,  D,  in  the  time  /«. 

A  Is  the  **scun  frequency”  (presuming  a  repetitive  tuning  process).  = 
l//«  cyclc.H  per  second  while  the  tuning  rate,  typically  in  megacycles 
jKr  second  per  second,  is  given  by  D/t^  or  £>•/•• 
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Three  other  tlneti  tre  of  importauce  Sn  a  discvnion  of  receiver  tuning  pro> 
csbsea. 

!i  the  duration  of  a  signal  si  defined  by  the  time  interval  over  which 
it  is  of  detectable  amplitude  at  the  receiver.  It  may  be  very  short — a 
few  microseconds — with  certain  flash  signals.  It  may  be  moderatsly 
short— a  substantial  fraction  of  a  second — if  amplitude  conditions  are 
satisfied  when  the  transmitter  antenna  main  beam  is  directed  at  the 
receiver.  (The  time  then  is  a  function  of  transmitting  antenna  rotation 
rate  and  the  angular  beamwidth  through  which  a  suitable  signal 
strength  exists.)  It  may  be  very  long  if  the  signal  is  of  such  amplitude 
that  it  can  be  detected  via  minor>lobe  radiation  from  the  transmitting 
antenna  (the  signal  then  Is  essentially  continuous), 
is  the  interval  between  pulses  of  a  pulsed  transmission  (often  taken  as 
the  longest  interval,  i.e.,  as  established  by  the  lowest  prf  anticipated 
for  any  signal  in  the  frequency  range,  D). 

fy,  is  the  puisewldth  of  a  pulsed  transmission  (often  taken  as  the  skorieii 
pulse  anticipated  for  any  signal  in  thit  frequeory  range,  D). 

9i5.1  Rc««ivar  Noise  t  Noiee  Figure 

The  inevitable  competition  between  signals  and  noise  arises  in  intercept 
receivers.  The  basic  problems  in  recognizing  signals  in  the  presence  of  noise 
were  introduced  in  Section  9.4.1.  There  are  difficulties,  too,  in  measuring  the 
characteristics  of  signals  when  their  form  has  been  corrupted  by  the  presence 
of  noise. 

Johnson  noise  associated  with  input  circuit  resistance,  with  the  resistive 
component  of  signal  source  impedance,  etc.,  seta  a  minimum  value  to  noise 
power  evaluated  at  the  receiver  input  terminals  (Reference  9).  This  Is  the 
noise  power,  N,,  given  by 


N,  =  kTB  (9-4) 

where  is  In  watts 

k  is  Boltzmann’s  constant,  1.3  X  10'**  Joule  per  degrees  Kelvin  (*K) 

B  is  the  effective  noist;  bandwidth  of  the  system  In  cycles 
T  is  the  temperature  of  the  noise  source  in  degrees  Kelvin  (°K). 

If  a  temperature  of  290°K  were  assumed  (and  this  is  ge.ierally  applic¬ 
able),  and  if  the  effective  noise  bandwidth  of  the  receiver  were  one  mega¬ 
cycle,  the  noise  power  inevitably  associated  with  the  signal  at  the  receiver 
Input  would  be  4  X  10'*®  watts  or  —114  dbm.  It  there  were  no  Internal 
noise  generated  and  if  the  nature  of  the  system  were  such  that  a  signal 
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having  a  peak  power  equal  to  this  average  nolae  power  were  recognltable  as 
a  signal,  it  would  be  practical  tc  quote  the  receiver  ■eniitivlt}'  ae  ~114 
dbnt  on  an  equal  sigR2!-to>nolM  power  bails. 

The  temperature  T  in  Sq  (9-4)  refers  to  the  noise  temperature  In  degrees 
Kelvin  of  the  principal  loureea  of  noise  affecting  the  system.  An  important 
source  may  well  be  the  input  circuit  of  the  receiver.  If  a  !00-ohm  resistor 
bridged  across  the  input  terminals  determined  the  Input  impedance,  its  tem¬ 
perature,  normally  taken  as  290°K  ( 17°C),  would  apply. 

If  the  iOO-chm  physical  resistance  could  be  completely  replaced  by  an 
antenna  having  some  equivalent  antenna  Impedance  (with  a  "radiation  re¬ 
sistance"  component),  the  "antenna  temperature"  would  prevail.  (It  Is  as¬ 
sumed  here  t"  ’  j  •^''mlc  losses  of  the  antenna  and  its  transmission  system 
are  neg'iglble— .i^.;.jrily  true  In  intercept  systems.)  ITje  temperature  value 
would  depend  on  the  temperature  of  the  region  surveyed  by  the  antenna  (to 
which  it  is  "coupled").  A  directional  antenna  directed  toward  cuter  space 
might  have  a  very  low  temperature  of  a  few  degrees  Kelvin.  A  redirection  of 
the  antenna  to  another  region  of  space  might  locate  a  "hotter"  region,  the 
effective  temperature  would  then  be  greater  and  the  consequent  increase  In 
e.iternal  noise  Input  to  the  receiver  readily  be  noted  (ai  in  radio  a4- 
tronomy).  If  the  antenna  were  again  reoriented  »o  that  the  main  beam  (and/or 
minor  lobes)  ir.tercepted  an  increasing  sample  of  the  **hot’'  earth,  the  an- 
tenna  temperature  would  Increase  rapidly  and  approach^  again,  the  typical 
290^  K  value.  This  is  of  particular  import  when  considering  the  future  role 
in  intercept  receivers  of  very  low  noise  r-f  amplifiers — masers  and  para¬ 
metric  amplifiers.  The  potential  reductions  In  system  noise  levels  may  be 
very  small  If,  an  is  true  in  many  practical  cases,  external  ncise  sources  set  a 
minimum  system  noise  only  a  few  decibels  below  values  established  by 
present  receiver  noise-Agures  (Reference  10). 

To  this  (H)int  the  discussion  has  been  of  idea!  or  near  Ideal  receivers  In 
the  sense  that  the  domlnutlng  noise  nos  been  ascribed  to  a  single  identlAable 
source  effective  at  the  Input  terminals  of  the  receiver,  Usually  the  receiver 
circuitry  itself  will  provide  an  addltlcnnl,  perhaps  predominating,  source  of 
noise  that  must  be  added  to  the  irreducible  minimum  {kTB)  in  practical 
calculations.  The  InAuence  of  this  contribution  !s  measured  by  the  noise- 
Agurr.  Thus, 


where 


^VA’o‘ 

F  =:  noise  Agure  of  the  receiver 
S  =  available  signal  power  from  a  signal  source 
available  signal  power  at  the  receiver  output 
A’.,  ~  available  noise  power  at  the  receiver  output 


(9-5) 
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h,  Tf  and  B  arc  aa  de9n«d  before  (and  '.escribe  an  irreducible  minimum 
nclae  power  anoclated  with  th^  tienal,  5). 

Equation  (9-5)  can  be  rewritten 


F 


S  Nj,  N,  1 
So  “  >  IfB 


(9-6) 


where  W  is  the  power  gain  oi  the  receiver  for  the  signal  (and  presumably 
for  input  noise). 

Thus  Nu/W  is  the  effective  system  noise  level  referred  to  the  input  of  the 
receiver.  The  ratio  of  this  value  to  kTB  is  a  number  greater  than  unity  (It 
includes  an  equivalent  noise  ascribable  to  the  receiver  circuits)  and  is  the 
notse'figure.  For  computational  purposes,  e.g.,  as  in  Eq  (9-7),  noise-Ogure  is 
inserted  ai  a  number — the  noise  power  ratio.  However,  the  power  ratio  can 
be  expressed  in  decibels,  and  a  receiver  is  sometimes  said  to  have  an  ^^eight- 
decibel  noise-tigure,’’  etc. 

A  standard  expression  of  computetlonni  value  Is  that  for  the  noise  figure 
of  two  lineal  networks  in  cascade  when  both  may  contribute  significantly  to 
the  total  no!se 


Fr  =  F^  +  (F,  - 


(^7) 


where  Fi  =  noise-figure  of  Network  1 

F‘j  =  noise-figure  of  Network  2  in  the  circumstance  that  there  Is  an 
impedance  match  between  it  and  its  signal  source. 

Wy  =  available  power  gain  of  Network  i 

In  this  respect,  intercept  receivers  are,  of  course,  identical  with  standard 
receivers.  Thus  reference  to  a  basic  receiver  text  will  produce  valid  infor¬ 
mation  on  the  computation  of  noise-figures,  the  effects  of  cascaded  networks, 
etc.  (For  example,  see  Section  1.1  of  Reference  1). 

However,  some  noise  problems  are  empha.sized  in  intercept  receivers.  One 
relates  to  the  successful  development  of  a  low  receiver  noise-figure  over  wide 
r-f  bandwldlhs.  Recent  work  in  low-noise  amplifiers — TWT,  maicrs,  para¬ 
metric  amplifiers,  etc.,  Is  having  a  major  effect  on  thia  receiver  design  prob¬ 
lem.  R-F  preamplification  is  now  possible  via  amplifiers  having  fractional- 
decibel  nol.se-figures  and  with  sufficient  gain  (W)  to  guarantee  that 
the  noisc-figure  of  the  input  amplifier  will  .set  that  of  the  receiver  as  a 
whole.  (Note  in  Eq  (9-7)  that  a  large  value  for  W\  will  guarantee  Fr  ^  Fi.) 
Unfortunately,  problems  in  bandwidths,  tunability,  and  a  lack  of  convenient 
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physical  form  currently  plague  thoae  ampliAcra  having  the  more  apectocular 
iow-notie  Agurea. 

With  the  noite-flgure  concept  In  mfnd«  it  is  poaaible  to  rewrite  £q  (9-4) 
luch  liwt  the  quantity  N'f  (equal  to  N,/W)  becomes  the  reference  noiae 
power  (referred  to  the  input  clicui!)  of  an  actual  r^^lyer  whose  noise 
figure  la  P, 


=  iTBF  (9-8) 

In  a  practical  receiver,  it  ia  the  noiae  power  N'p  with  which  an  input 
signal  must  compete. 

As  an  alternative  to  the  nolae-fl&ure  concept,  the  fact  that  N'p  ia  greater 
than  Np  (=:  ATR)  as  defined  in  Eq  (9-4)  can  be  accounted  for  by  assigning 
an  elevated  value  to  7.  The  resulta  are  equivalent;  but  it  is  sometimes  con¬ 
venient,  particularly  with  low-noiie  ampiiAeri,  to  apeak  of  a  ''20°K"  ampli¬ 
fier.  The  meaning  ia  that  the  noise  situation  can  be  valued  by  adding  20 
degrees  to  7  in  the  rioise  power  calculation  fand  by  auuming  E  to  be 
unity).  The  noiae  contribution  of  this  amplifier  (a  “SO-dctirse”  value) 
would  be  negligible  in  a  typical  situation  (where  It  was  to  be  added  to  an  ap¬ 
plicable  temperature  of  29C*K  for  an  enterna!  input  noira  source;  it  could  be 
very  important  In  a  radio  aitronomy  application  if  the  equivalent  antenna 
temperature  were  a  few  degrees.  In  other  words,  the  contribution  of  the 
very  low-noise  amplifier  is  very  Important  percentage-wiie  in  radio  astron¬ 
omy;  it  could  be  very  important  In  apace  age  reconneissance;  it  may  be 
quite  unimportant  in  some  current  Intercept  receiver  applications. 

A  noise-figure  of  10 — good  by  standard  broadband  microwave  receiver 
techniques — indicates  the  Internal  receiver  noise  contribution  to  have  raised 
the  total  noise  power  at  the  receiver  output  by  a  factor  of  10  ever  that 
wliich  would  have  been  measured  with  an  idea!  receiver.  Accordingly,  the 
sensitivity  of  the  receiver  would  be  reduced  directly  by  the  same  factor  (by 
10  decibels);  a  —75  dbm  senaitivity  would  drop  to  —65  dbm.  A  signal  10 
decibels  stronger  than  before  would  be  required  to  compete  on  an  equivalent 
l>asii  with  the  increased  noise.  A  major  objective  in  receiver  des'gn,  then, 
is  to  build  receivers  in  which  the  Internui  noise  contribution  Is  kept  to  a 
value  consistent  with  the  .lensitivity  requirements. 

The  noise  of  concern  to  this  |>olnt  is  largely  ascribable  to  the  receiver  it¬ 
self;  it  sets  &  maximum  sensitivity  (minimum  noise)  for  a  given  receiver.  In 
the  lower  itequency  ranges  of  interest  for  Intercept  receiver  use,  a  second 
type  of  nolM  wiis  usually  take  precedence  even  over  the  total  noise  of  the 
"imperfect”  recelvei.  Included  are  contributions  from  natural  static  (light¬ 
ning  itrokes,  etc.),  ignition  noise,  radio  interference,  etc.,  which  increase 
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subst^kitiftily  in  magnitude  as  the  frequency  decrcMei.  The  combination  miy 
well  set  a  noise  level  substantially  above  the  basic  receiver  value.  This  sug¬ 
gests  that  there  may  be  little  proht  In  impiovinf  receiver  dcsigs  (as  regards 
internal  noise  generatlc;!  for  the  radio  frequency  range  in  question,  beyond 
the  level  which  allows  the  ext*  rnal  noise  to  predominate.  Binding  on  the 
abilities  of  the  receiver  circuitry,  the  physical  location  of  the  receiver  with 
respect  to  external  noise  sources,  etc.,  the  division  point  is  usually  in  the  100 
to  SOO  megacycle  range,  i.e.,  above  500  megacycles  the  internal  system  noltr* 
will  set  the  basic  syritem  sensitivity. 

As  implied  in  £q  (9-4),  the  wider  the  effective  noise  bandwidth,  B,  the 
greater  will  be  the  receiver  noise  power  with  which  the  signal  must  contend. 
However,  B  is  not  necessarily  the  inhursn!  bandwidth  associated  with  the 
principal  noise  source  (for  which  a  value  of  T  is  established).  It  often  is  de¬ 
termined  by  a  system  bandwluth  value  following,  and  presumably  constrict¬ 
ing,  that  of  the  principal  source  of  noise.  Thus,  the  bandwidth  of  an  antenna 
might  be  hundrr^s  of  megacycles  in  the  sense  of  its  ability  to  extract  energy 
over  that  range  from  an  incident  wavefront.  If  the  antenna  were  to  feed  a 
superheterodyne  receiver,  the  effective  system  bandwidth,  B,  ordinarily  would 
not  be  greater  than  the  i-f  bandwidth  of  the  receiver. 

9.S,2  Bmidwidtii  Coaeidvratloii  i  D,  or.,  B 

A  consideration  of  intercept  receiver  chiracteristics  reveals  several  im¬ 
portant  "handwidths”  as  earlier  defined.  There  is  the  r-f  bandwidth  D  which 
deKrIbes  the  breadth  of  the  total  r-f  I’ange  over  which  the  receiver  is  capable 
of  being  operated.  It  defines  the  maximum  band  that  can  be  assigned  to  a 
receiver  for  monitoring.  Typically,  the  r-f  bandwidth  docs  nut  exceed  an 
octave  (a  2  to  1  frequency  spread)  although  a  receiver  may  include  several 
tuning  units  (heads)  each  capable  of  covering  separate  octaves.  They  are 
ordinarily  used  alternstely  end  l>  is  set  by  the  characteristics  of  whichever 
one  Is  in  use. 

There  is  the  acceptance  bandwidth  a  which  may  or  may  not  coincide  in 
numerical  value  with  the  r-f  bandwidth.  It  Is  the  bandwidth  over  which  the 
receiver  is  instantaneously  sensitive.  In  a  wide-c^n  receiver  the  acceptance 
bandwidth  corresponds  to  the  r-f  bandwidth  since  at  any  instant  the  receiver 
Is  equally  responsive  to  signals  anywhere  in  the  r-f  bandwidth;  then  a  =  D. 
In  other  receivers,  the  acceptance  bandwidth  Is  less  than  the  r-f  bandwidth; 
a  ordinarily  equals  the  I-f  bandwidth  in  a  superheterodyne,  and  equals  the 
effective  bandwidth  of  the  r-f  ampliAer  in  a  TKF  rystem.  It  is  sometimes 
spoken  c,‘  as  the  predetectiosi  bandwidth  and  is  of  prime  importance  In 
controlling  the  Intercept  probability  properties  of  a  receiver. 

This  predetection  bandwidth  bears  a  direct  relationship  to  the  common 
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receiver  characteristics  of  selectivity  and  resolution  The  ablSIty  to  select  on® 
sigma!  from  a  group  of  signals  on  a  frequency  difference  basis,  or  to  r^lvo 
two  signals  adjacent  in  frequency  is  in  an  intercept  receiver  by  the  value 
of  0  in  a  completely  normal  manner. 

Of  particular  Importance  to  intercept  receivers  is  "skirt*'  selectlvtCy  or 
"off-frequency  *  rejc^ition.  These  terms  refer  to  the  raeponaei  to  signals  far 
from  the  frequency  to  which  the  receiver  is  nominaily  tuned — the  desirable 
goal  is  to  minimise  any  stich  response.  The  problem  is  illustreU^d  by  the 

typical  resi>onse  display  curve  in  Figure 
9-15  for  a  swept  single-efement  TR®*  re¬ 
ceiver.  An  acceptance  bandwith  *  ^  Jeci- 

i-  «l  _ /  I  \  bels  down  could  be  deflred  d$  «.  But  the 

^1  j  "Vp.  off-frequency  response  In  Figure  9-JS  Is 

down  only  35  decibels;  an  oi?-frequ«ncy 
(^)  signal  exceeding  by  more  than  35 
decibels  the  minimum  detectable  level 
for  an  on-frequcncy  (f,)  signal  will  pro¬ 
duce  a  response  in  the  output  circuits 
that  may  well  be  Interpreted  erroneously  as  an  indication  of  a  weak  signal 
on  /i.  Fortunately,  much  can  be  done  to  insure  acceptable  off-frequency 
rejection  by  standard  engineering  techniques  (via  caKaded  TRF  stages  or 
the  superheterodyne  i-f  ampliAer  principle,  for  example). 

The  video  or  postdetection  bandwidth  fi  usually  represents  e  design  com¬ 
promise  influenced  by  requirements  peculiar  to  Intercept  receivers.  The 
selection  must  be  consistent  with  the  most  severe  requirement  imposed  by  the 
need  to  reproduce  to  some  degree  the  waveshape  of  any  signal  or  clau  of 
signals  anticipated  for  reception.  Of  obvious  Importance  h  the  fidelity  d^ired 
of  signal  reproduction.  Wide  bandwldths  and  appropriate  attention  to  phase 
characteristics  are  necessary  If  there  Is  to  be  a  faithful  reproduction  of  video 
envelope  detail — leading  edges  of  pulses,  tilts,  etc.  If  the  video  bandwidth  is 
too  small,  a  narrow  pulse  will  not  reach  full  amplitude.  But  !f  the  principal 
objective  Is  only  signal  detection,  a  considerable  reduction  in  video  band¬ 
width  is  allowable  for  only  a  small  loss  !n  weak-signal  detectability  since 
there  is  a  simultaneous  reduction  of  noise  in  the  output  circuitry.  Becau.se 
of  this,  a  broad  maximum  results  in  the  curves  representing  signal  detect¬ 
ability  versus  video  bandwidth  (for  different  predettetion  bandwidths) 
under  typical  conditions  (Figure  9-16,  and  Figure  8J0  of  Reference  11). 

If  only  c-w  or  audio  amplitude  niuduluted  signals  were  antjclpated,  fi 
could  be  narrowed  by  orders  of  magnitude  (with  proflt  in  reduced  noise). 
In  view  of  this,  it  is  not  uncommon  to  fmd  more  than  one  postdetection  am¬ 
plifier  paralleled  in  a  general  purpose  receiver,  A  wideband  amplifier  (many 
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megacydeii  in  width)  might  be  ASHOciated 
with  a  high'ftdetity  ‘’anaiyaii*’  output 
channel,  a  circuit  of  more  moderate 
bandwidth  (leading  to  a  better  signal- 
to^noiae  ratio)  might  be  avaiiabie  for 
regular  pulse-signal  detection  and  dis¬ 
play;  and  a  third,  very  narrow  channel 
favoring  a  high  signal-to-noise  ratio  for 
c-w  signals  might  be  included  as  an 
additional  option. 

It  is  often  true  that  a  may  neces- 
arlly  exceed  substantially  the  value  re¬ 
quired  to  pass  the  frequenciee  present  in  the  spectrum  of  the  intercepted 
signals.  This  contributes  to  a  value  c."  effective  noise  bandwidth  B  in  excess 
of  that  which  would  be  c^timum  from  purely  maximum  sensitivity  considera¬ 
tions;  this  accounts  in  part  for  why  an  intercept  receiver  may  bo  less  sen¬ 
sitive  than  a  cemparabb  narrow  band,  specialised  (radar)  receiver  represent¬ 
ing  an  equivalent  state-of-the-art. 

Actually,  B,  as  used  in  Eq  (9-4)  and  (9-6),  is  a  complicated  function  of 
pre-  and  poatdstection  bandwidths,  sign.*!  level,  the  type  of  signal  (c-w  or 
pulsed),  and  detector  characteristic.  With  respect  to  the  last  item,  a  common 
situation  of  particular  practical  importance  is  that  in  which  the  signal  and 
noise  powers  are  roughly  equal.  This  often  occurs  as  a  true  "weak-signal" 
condition  In  which  the  detector  exhibits  squnre-law  chnracteristics.  If  signal 
and  noise  powers  at  the  detector  are  of  comparable  magnitude,  a  square- 
law  characteristic  Is  usually  applicable  regardless  of  absolute  power  level  and 
independent  of  the  basic  detector  characteristic  at  that  level  tor  a  noise-free 
signal  (pages  301-308  of  Reference  8). 

I’resuml.ig  a  square-law  characteristic,  B  becomes  dependent  on  both  pre- 
and  postdetection  bandwidth  (a  and  B)  as  represented  in  Kq  (9-9)  which  is 
accurate  for  pulsed  signals  (Chapter  V  of  Reference  12). 


Bz=  (2a/3  +  3/3’‘)'*  ±  2B  (9-9) 

Equation  (9-9)  presumes  a  to  be  at  least  as  large  as  /9;  that  is  the  usual  cir- 
cumetance.  Should  j9  exceed  a,  it  is  appropriate  to  assume  in  the  calculations 
that  B  is  equal  to  a.  The  selection  of  sign  foi  the  second  term  ( ±  2/3)  de¬ 
pends  on  whether  or  not  a  contribution  in  the  output  brought  about  by  a 
product  of  noise  and  signal  pulse  is  considered  signal  (to  decrease  B)  or  noise 
(to  Increase  B),  It  is  sometimes  ignored;  this  is  not  safe  when  a  and  /3  are 
comparable  in  magnitude  because  the  effect  on  B  is  substantial.  This  con- 
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trlb’itloa  hms  an  Impcrtant  practica!  effect  becauK  thli  aigiuil-dvpendent 
noise  supeflmposed  on  the  pulse  form  can  distort  the  pulse  shape  and  thereby 
affoEt  triggering  circuitry.  lo  the  special  case*  particularSy  impwtant  to  in- 
terci^t  receivers;  where  «  is  substantiaiiy  larger  than  /S,  (9-9)  siniplifiee 

to 


B=(2a/3)^  (9-10) 

A  rectangular  paseband  is  implied  with  the  use  of  an  a  value.  This  Ic  sub¬ 
stantially  satisfied  in  practice  with  multistage  Alter  circuits.  If  a,  hosrever,  is 
set  by  the  3-decibel  bandsridth  of  a  single  tuned  circuit,  the  effective  band¬ 
width  for  noise  is  l.S7a;  it  Is  1.22«  for  two  such  stages  In  cascade. 

9.S.3  Gain  and  Dynamle  Raiife 

As  is  true  for  receivers  in  general,  maximum  gain  requirements  are  set  by 
the  need  for  the  ablliiy  to  raise  thn  level  cf  the  input  signal  of  minimum 
usable  amplitude  (as  determined  by  signa!-to-no!se  considerations)  to  ts 
speciAed  minimum  output  amplitude  value.  A  maximum  gain  of  one  hundred 
decibels  would  not  be  an  unusual  requirement.  A  complication  is  injected  in 
many  intercept  receiver  applications  by  the  need  to  handle  signals  of  widely 
varying  amplitude  in  rapid  sequence — in  a  time  framework  permitting  no 
manual  adjustment  of  a  gain  control.  Yet  It  is  generally  desirable  to  retain 
some  substantial  representation  of  original  amplitude  variation  in  the  re¬ 
ceiver  output  signals  so  as  to  permit  modulation  determination,  measure¬ 
ment  of  antenna  scan  characteristics,  relative  signal  amplitude  detri>*ilnation, 
etc.  The  result  Is  the  Imposition  of  severe  requirements  on  Jy .  :-range 
characteriitlci.  While  some  comprewlon  of  signal-level  variation  the  out¬ 
put  must  be  anticipated  (In  view  of  a  possible  100-decibel  ra>.ge  in  Input 
signs!  levels),  It  is  Important  that  the  compression  (clipping,  limiting,  etc.) 
be  of  an  acceptable  character.  This  has  led  to  much  attention  to  automatic 
gain  control  (age)  circuitry,  ampIiAers  with  logarithmic  characteristics,  etc. 
It  is  a  factor  affecting  the  gain  distribution  throughout  a  receiver — r-(  gain  (if 
possible)  versus  i-f  gain  versus  video  ampIlAer  gain,  etc.,  there  being  advan¬ 
tages  (in  recovery  time,  for  example)  In  allocating  certain  gain-control  func¬ 
tions  to  certain  ampIlAer  types.  The  subject  Is  of  such  imporUnce  as  to 
justify  special  treatment  In  Chapter  24.  A  particularly  difficult  problem  may 
exist  in  the  simple  direct-detection  receiver  where  a  square-law  detector 
characteristic  can  increase  the  dynamic-range  problem  in  the  following  video 
amplifier.  (A  10-db  amplitude  change  before  detection  may  translate  into  a 
20-db  change  in  the  video  ampliAer.)  In  that  receiver,  the  video  arnpllAer 
provides  the  only  opportunity  fur  control  of  gain  characteristics.  The  situa- 
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tiori  in  •  iimpie  ctyiUl-vldeo  receiver  ia  relieved  iiomswhAt  by  it*  lower 
ronsitivi^y,  with  a  correspondingly  smaller  dynamic  range  required  in  normal 
operation. 

9,S,4i  Taniuf  Hanfe  and  TKnafelUty 

The  tuning  range  of  an  intercept  rec'‘'ver  Is  deAned  aa  that  total  frequency 
excursion  (the  r-f  bandwidth  D)  over  which  the  receiver  acceptance  band¬ 
width  can  be  adjusted,  i.e.,  ''tuned’'.  When  the  acceptance  bandwidth,  a, 
matches  the  r-f  bandwidth  (m  in  the  direct-detection,  ’‘wide-open"  receiver) 
there  is  no  tuning  to  be  done  and  "tuning  range"  has  no  meaning.  But  when 
the  acceptance  bandwidth  is  less  than  tho  total  r-f  bandwidth,  a  tuning 
process  must  be  instituted  if  the  total  r-f  bandwidth  Is  to  be  monitored. 
The  esse  with  which  the  tuning  can  be  accomplished  and  the  Aexibility  in 
the  tuning  program  relates  to  "tunabllity". 

Tunsbility  is  of  prime  importance  in  intercept  receivers.  In  combination 
with  acceptance  bandwidth  characteristics.  It  largely  sets  the  intercept  prob¬ 
ability  of  tlic  system  u  regards  search  for  signals  in  frequency,  lliis  im¬ 
portance  has  generated  a  wide  variation  In  tuning  techniques  and  associated 
features.  In  terms  of  sophistication  (and  this  Is  not  necessarily  a  measure 
of  value)  tuning  processes  range  from  mechanically  operated  (by  hand  or 
motor  drive)  "slow"  sweeps  mesuiurcd  in  seconds  per  scan,  through  elec¬ 
tronic  tuning  of  many  scans  per  second  (rapid  sweep),  to  situations  where 
tuning  rates  are  measured  in  thousands  of  mcgscycies  per  second  per  micro¬ 
second  (Microsweep).  The  term  "scan  frequency"  ordinarily  refers  to  the 
number  of  periodic  sweeps  across  tho  r-f  band  (or  subband)  per  second. 
The  "scan  rate"  is  the  rate  of  change  of  frequency  (often  in  megacycles 
per  second  per  second). 

The  mechanisms  for  accomplishing  this  variety  of  tuning  schemes  are 
many  and  reAect  the  latest  Snnovclions  in  components  and  circuits — elec¬ 
tronically  tuned  oscillators  and  ampliAers,  dielectric  tuning,  permeability 
tuning,  etc.  The  important  components  and  techniques  are  described  in¬ 
dividually  in  Chapters  36,  37,  and  38. 

While  the  necessary  developments  of  nexiblllty  in  tuning  continually  tax 
the  stBte-of-the-srt.  intercept  receiver  requirements  in  tuning  stability  and 
in  automstic  frequency  control  (afe)  are  often  not  severe.  This  reAects  the 
fact  that  there  Is  usually  only  a  short-term  Interest  in  individual  signals. 
Frequency  measurement  is  apt  to  be  important  on  a  relative  (rather  than 
on  an  absolute)  basis.  There  are  exceptions  in  uses  that  arise  In  the  lower 
frequency  ranges,  or  if  a  precise  analysis  of  a  atabic  microwave  signal  is  to  be 
conducted,  or  in  correlating  measurements  made  with  different  receivers. 
The  requirements  in  stability  and  frequency  control  can  usually  be  met  by 
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standatd  r«celver  techniouei,  but  there  U  often  kin  Kcsoclated  problem  Kris- 
itig  from  the  need  to  ittbillxs  unusual  tuning  mechanisms  that  tna:r  ordinar¬ 
ily  be  operating  at  high  tuning  rates. 

Some  of  the  properties  of  tunshle  receivers  are  uniquely  linked  to  the 
tuniiig  rnte.  These  can  best  be  described  using  the  time  aud  bandwidth 
definition  included  in  the  introduction  to  Section  9.5. 

Thus,  in  K  slow-ican  receiver  the  relationship  a  <<  D  usually  holds. 
Some  important  characteristics  are  set  by  the  time  required  to  tune  through 
D  (the  time  fa)  with  respect  tc  the  effective  signal  duration  <<  t, 
(as  with  hath  signals),  intercept  probability  will  be  very  poor.  I!  <  t, 
(where  t,i,  perhaps,  is  condltio.ied  Ky  the  main-beam  illumination  time  of 
the  receiver  by  the  transmitter  antenna),  the  interc^^t  probability  will  be 
poor.  If  tg  >  t,  (where  becomes  long  because  of  a  possible  ability  of  the 
receiver  to  receive  a  “continuous”  signal  via  minor-lobe  radiation),  the 
Intercept  probability  can  be  excellent. 

It  is  often  important  in  searching  for  pulsed  signals  that  a  narrow.- 
band  scanaing  receiver  not  tune  through  the  signal  frequency  in  the 
interval  between  pulses,  <^.  The  following  considerations  than  apply.  The 
acceptance  bandwidth,  a,  often  is  fixed  (perhaps  by  resolution  require- 
ments);  the  reception  time  on-frequency  is  then  uet  by  »  and  the  scan 
lime,  and  must  as  a  minimum  value  be  at  least  equal  to  The  reception 
time  night  better  be  set  to  a  value  (n  "  l)f^  where  n  defines  a  number  of 
consecutive  pulses  as  required  to  distinguish  a  signal  (in  contrast  to  a 
single  noise  pulse)  or  to  identify  a  signal  by  some  combination  of  charac¬ 
teristics.  This  on-frequency  time  is  guaranteed  by  a  minimum  scan  time, 
t„  such  that* 


/,=  (»-  1 )/,/)/«  (9-11) 

The  reciprocal  relationships  between  scan  frequency,  /„  and  scan  period,  t„ 
and  between  prf  and  the  Interval  between  pulses,  tp,  gives  the  expression 

/,  (In  cycles  per  second)  =  •  ~~  (9-12) 

t«  —  i)  If 

In  a  rapid-scan  receiver,  the  scan  time,  t„  Is  ordinarily  made  equal  to  or 
lcs.<!  than  the  .signal  duration,  io.  When  t,i  i.s  fixed  by  the  main  beam  trans- 

*Thcrb  uxuKily  will  be  in  unccrtilnty  as  to  valuei  to  be  acketed  for  the  lignal  charac" 
terUtica  ti,  tw,  tp  («  l/prf)i  etc.  The  wont  conditions  anticipated  from  the  intercept 
polnt-uf^virw  for  siKnaU  in  the  ranijc  D  are  often  taken,  ie,,  ihorteit  pulie,  lowrtt  prf, 
ate. 
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mifiion  time  of  «  £cannlng  radar  antenna,  the  ecan  frrquency,  ordinarily 
wU!  t>e  iet  to  a  few  tent  of  cycles;  per  second.  This  rate  I&  consistent,  too, 
with  the  development  of  a  flickerless  panoramic  visual  presentation  of  signal 
activity  in  the  monitored  band.  The  total  number  of  pulses  transmitted  by 
a  radar  in  the  interval  tc  is  given  by  the  product  of  U  and  the  prf.  The 
number  of  pulses  Intercepted  in  the  interval  on  an  average  will  be  given 
by  M  &  prf  ig/D  when  typical  numbers  are  Inserted  fer  a  shor$  i^ansmis^ 
rion  Ut  it  becomes  obvious  that  a  must  be  large  (perhaps  10  percent 

of  />}  if  a  recognisable  output  signal  is  to  be  developed. 

A  mkrotwep  receiver  is  one  in  which  ordinarily  i*e.,  the  receiver 

scans  the  total  range,  D,  in  the  Ume  duration,  f.j,  of  the  shortest  anticipated 
pulse.  Intercept  probability  is  again  high  though  there  are  attendant  prob- 
iems  in  circuitry.  The  bandwidth,  a,  is  carefully  selected  to  achieve  useful 
resolution  characteristics  and  to  minimise  rise-time  problems  (considering 
the  very  short  fractional  pulses  which  must  be  dealt  with  In  the  receiver 
circuits). 

Frequency  scanning  implies  a  time-shariag  of  the  attention  of  the  recilver. 
The  desifm  philosophy  In  scanning  receivers  is  to  arrange  matters  so  that 
eech  signal  receives  sufficient  immediate  attention  to  erUbhsb  quickly  the 
information  desired  from  it.  The  hope  is  that  the  lack  of  continuing  atten¬ 
tion  will,  in  effect,  exclude  only  largely  redundant  Information.  It  is  to  be 
noted  that  over  a  long  averaging  period  (over  a  long  h  or  over  many  peri¬ 
odic,  short  intervals),  the  Uite^cepted  fraction  of  the  total  signal  avallabie 
to  the  receiver  is  ftxed  only  by  the  ratio  9/D  and  is  Indeoendent  of  scan 
rate.  There  are,  however,  uptimuni  choices  of  a  and  scan  rate  which  insure 
that  some  portion  of  the  transmission  will  be  received  early  In  the  trans¬ 
mission  Interval  (for  high  intercept  probshility)  and  that  the  a/D  fraction 
represents  a  form  of  the  signal,  pe'ihapa  groups  of  consecutive  pulses,  such 
that  the  intercept  has  meaning. 

Generally  speaking,  the  non-Kan  receiver  has  high  Intercept  probability 
but  essentially  no  resolution  In  frequency;  sensitivity  is  usually  low.  The 
slow-ttcan  receiver  features  high  intercept  probability  for  some  signals,  very 
poor  intercept  probability  for  others,  good  resolution  in  frequency  and, 
ordinarily,  high  sensitivity.  The  rapId-Kan  and  microsweep  receivers  feature 
generally  good  intercept  probability  but  necessarily  compromise  their  abilities 
in  resolution  and  sensitivity  depending  on  actual  scan-rates  and  bandwidths. 
Thus,  each  receiver  type  has  attractions  and  deAclences  in  basic  Intercept 
and  signal-selection  characteristics  linked  to  tuning  processes  and  tunabillty. 
These  compromises  appear,  as  well,  In  othei  aspects — stability,  data-han- 
dling  abilities,  versatility  with  respect  to  the  detection  and  analysis  of  unusual 
signals,  etc.  Each  type  has  virtues  that  recommend  it  for  certain  important 
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UMi,  and  much  receiver  design  work  ha*  been  concerned  with  muimblng 
the  operational  utility  asiociated  with  a  given  type. 

9.8.5  Spurious  Slfnsl  Raeponse 

?cme  substantial  attention  must  be  accorded  in  receiver  design  to  the 
possible  internal  generation  of  spurious  signals  and  responses.  Several  sourcM 
wiii  be  mentioned  later:  images,  harmonic  mixing,  etc.,  in  superheterodynes; 
the  generation  of  hcrmonlcs  and  cross*modulat!on  products  in  r>f  preampli¬ 
fiers,  direct-detection  In  mixers,  direct-detector  response  to  strong  signals  in 
another  r-f  band,  etc.  In  another  area,  iocal-osciliator  radiation  can  be 
troublesome  (when  received  by  n  second  receiver);  and  transient  disturb¬ 
ances  f'om  Intermittent  switching  operations,  electrical  Interference  from 
blower  motors,  etc.,  can  be  interpreted  faiseiy  as  signals  by  the  receiver 
circuitry. 

There  is  another  a^ect  to  the  spurious  signa!  prubism  that  it  largely 
beyond  the  control  of  the  receiver  designer.  There  may  be  avrllable  to  the 
receiver  actual  radiated  signals  that  are  false  in  tlie  sense  that  they  were 
not  Intentionally  generated.  Thus,  physical  objects  local  to  the  transmitter 
or  receiver  can  generate  "site”  reflections  that  can  add  "pnl.'O!''’’  to  the 
genera!  signal  environment,  or  can  distort  the  apparent  characteristics  of 
actual  received  pulses.  Doppler  shifts  can  be  important.  Transmitter  moding 
can  produce  large-amplitude  signals  on  frequencies  not  harmonically  related 
to  the  basic  transmitter  frequency.  Transmitter  harrionici  are  common,  and 
when  transmitted  beam  powers  are  rated  In  billions  of  watts,  a  spurious 
signal  down  4C  or  50  decibels  is  still  appreciable.  Multipath  prqiagation, 
tropospheric  scatter  transmission,  etc.,  can  distort  signal  shapes,  modula¬ 
tions,  apparent  directiona-of-arrival,  etc.  This  false  information  cannot  be 
charged  to  the  receiver;  it  is  truly  contained  in  the  radiations  actually 
present.  The  important  thing  is  to  recognize  the  distortions  for  what  they 
aie,  and  to  realise  that  an  exaggerated  refinement  imposed  on  receiver 
measuring  abilities  may  be  fruitless  and  costly  if  the  receiver  must  operate 
In  an  environment  where  the  quality  of  the  data  available  to  it  prohibits 
intelligent  use  of  these  ibiiities. 

There  Is  a  distinction  to  be  drawn  between  these  distortions  of  inten¬ 
tionally  radiated  signals  and  the  radiation  cf  electromagnetic  energy  inci¬ 
dental  to  certain  Industrial  or  research  processes.  The  detection  of  the  Utter 
class  of  signals  may  well  be  legitimate  objectives  of  a  reconnaissance  opera¬ 
tion  because  of  the  information  imparted  l)y  such  signals. 

9.5.6  Data  Read-Out 

An  important  factor  in  the  design  or  selection  of  t  countermeasures  re¬ 
ceiver  is  its  ability  to  work  with  associated  equipment  In  accomplishing  a 
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particular  task— to  work  with  d-f  aquipment,  with  e  particular  signal  analy¬ 
zer,  or  with  a  certain  sigral  read-out  unit.  A  receiver  my  have  an  extra 
utility  because  the  form  of  the  output  data  is  readily  adapted  to  the  needs 
of  a  computer  or  telemetry  equipment.  A  receiver  may  be  an  optimum 
choice  for  a  particular  task  bt^use  of  unique  abilities  to  handle  certain 
signal  parameters,  or  combinations  theriraf;  this,  in  turn,  leading  to  de¬ 
sirable  abilities  in  signal  segregation  and  idcntiAcation,  or  in  new  signal 
recognition  (new  in  characteristics,  or  new  in  "time"  in  the  sense  of  the 
recent  appearance  of  the  signal). 

Thus,  an  Important  variable  in  intercept  receiver  design  is  the  form,  or 
forms,  of  dsta  read-out.  The  variety  stems  from  the  vsrisbie  natures  of  the 
intercepted  signals,  and  particularly  from  the  many  uses  to  which  the  output 
data  may  be  put,  Consideration  must  be  given  to  the  form  of  data  presenta¬ 
tion  for  analysis,  whether  this  process  is  to  be  accomplished  at  the  time  of 
intercept  or  later.  Although  these  processes  are  dlKUssed  In  detail  in  Chap¬ 
ter  11,  their  influence  on  intercept  receiver  design  and  operation  is  quite 
sEgniflcant  and  should  be  recognized.  Two  basic  approaches  can  be  outlined: 
quantized  and  continuous.  In  the  former,  storage  channels  or  electronic 
codes  (of  predetermined  range)  are  used  for  chsrscterising  each  signal 
parameter,  and  It  is  necessary  only  to  measure  the  parameter  with  lufflcient 
accuracy  to  quantize  It  into  the  appropriate  storage  channel.  This  approach 
is  more  easily  adapted  to  digitizing  and  subsequent  machine  eortlng  and 
processing  of  data,  which  may  be  the  only  feasible  means  of  reducing  the 
tremendous  amounts  of  data  intercepted  in  a  high  algnal  density  environ¬ 
ment.  However,  the  "Ane  structure"  of  each  signal  is  destroyed,  and  sig¬ 
nificant  technical  information  may  be  lost.  The  continuous  (or  analog) 
approach  alternatively  involves  presentation  and/or  storage  uf  algnal  en¬ 
velope  Information  In  a  near-original  form,  cathode-ray  tube  (CRT) 
displays,  motijn  p.jtures,  strip  Alms,  direct  tape  recording,  etc.),  Analysis 
in  this  case  usually  requires  substantial  human  involvement,  even  with 
sophisticated  auxiliary  read-out  equipment.  Further,  the  postclctcctlon  band- 
widths  required  arc  usually  greater.  While  the  optimum  output  data  forms 
■uggesteel  by  the  analysis  needs  often  can  be  provided  through  suitable 
engineering  design,  certain  types  of  receivers  are  basically  more  comjutible 
with  these  needs.  This  is  discussed  further  in  flection  9.6. 

9,6  Receiver  Idcntlflcetlon 

It  is  convenient  for  discussion  to  group  types  of  intercept  receivers  In 
accordance  with  some  common  electrical  or  operational  characteristics. 
There  are  several  bases  for  classiAcatlon,  the  substantial  number  stemming 
from  the  several  major  (actors  that  influence  intercept  receiver  design. 
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For  exsmple,  rsceivers  are  sometimei  classified  on  the  basis  of  frequency 
range — LF,  HF,  VHF,  microwave,  etc.  Sometimes  the  types  of  siipials 
sought  provide  the  differentiation — communications,  radar,  missile  guid¬ 
ance;  or  pul.se,  c-w,  FM,  etc. 

A  means  for  grouping  is  provided  by  the  intended  time-utiiization  of  the 
intercepted  data.  The  datn  may  be  utilized  Immediately  to  warn  of  a  missile 
attack,  of  the  presence  of  an  ASW  aircraft,  etc.  The  data  may  be  used  in  the 
near  future — to  aid  planning  of  a  new  strike  route,  the  selection  of  counter¬ 
measures  equipmimt  to  be  carried  on  the  next  mission,  etc.  Or  the  data  may 
he  utilized  months  from  the  time  of  Intercept,  following  prolonged  analysis 
to  extract  technical  infornution  of  long-range  importance.  This  time  segre¬ 
gation  carries  with  It  implications  In  data  quality  and  total  processing  since 
the  denisnds  on  accuracy  of  measurement  are  substantially  different  in  re¬ 
ceivers  for  warning,  strategic  seurch,  special  search,  etc.;  so  also  are  de¬ 
mands  on  Intercept  probability — the  assurance  that  the  important  signals 
are  being  detected  in  the  minimum  possible  time. 

It  is  possible  to  catalog  receivers  by  basic  circuitry  (direct-detection, 
superheterodyne,  etc.).  Another  mechanism  Is  furnished  by  circuit  features 
of  particular  meaning  to  intercept  receivers  such  as  tuning  (scanning)  char¬ 
acteristics,  acceptance  bandwidth  characteristics,  etc.  Cataloging  in  this 
chapter  will  follow  the  basic  circuit  dlfferentistion  because  of  the  concern 
with  techniques;  there  will  be  discussions  of  two  basic  types  (1)  (iir^ct^ 
deUettoH  receivers,  with  and  without  r-f  preampiification,  and  with  contrast¬ 
ing  acceptance  bandwldtha  and  tuning  processes,  and  (2)  superheterodyne 
receivers  similarly  differentiated.  In  addition,  mention  will  be  made  of  some 
miscellaneous  types  not  conveniently  catalogued  as  above — superregenera- 
tive,  direct-display  (spectrum  analyzer),  etc.  There  will  be  no  attempt  to 
cover  all  Intercept  receivers  currently  in  uie,  in  production,  or  in  develop¬ 
ment.  (For  luch  information  see  Reference  3). 

9.7  Direcl-Dotectlon  Receivers 

These  receivers  are  characterized  electrically  by  a  direct  conversion  from 
the  radio-frequency  form  of  the  signal  to  r  video  or  audio  frequency  counter¬ 
part — the  video-  or  audio- frequency  modulation  is  recovered  by  direct  detec¬ 
tion  of  the  radio  frequency  signal.  The  simple  crystal-video  receiver  is  the 
outstanding  example  (Figure  9-1 7o).  As  a  class,  these  receivers  exhibit  rela¬ 
tively  poor  sensitivity  and  selectivity,  but  also  simplicity,  light  weight,  and 
low-power  consumption.  It  is  almost  axiomatic  that  as  the  sensitivity  or 
selectivity  characteristics  are  improved  by  circuit  innovation  (with  pre¬ 
amplification,  for  example)  there  is  a  corresponding  loss  In  the  attractive 
.size  and  weight  characteristics  that  are  Identified  with  the  basic  crystal- 
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video  unit.  However,  the  reiults 

y  H  [X  _ _ provided  by  the  more  complex  «- 

eemblage  m*y  still  be  very  ettric- 
^  competitive  with 

wL _ jS _ 4 _ (S _ ^tripri  other  receiver  d«!4n  spproacheii. 

^  yy*  y  If  no  r-f  preempllAaition  is  sm- 

„  ^  ployed,  the  maximum  acceptance 

bandwidth  of  the  direct-detection 
ijju  receiver  (and,  hence,  the  total  r-f 

n  ^  band  monitored)  is  limited  by  the 

^ ^  *4  — ^ — "•*>"  frequency  characteristlci  of  the 

mJIHL  ■I'Siy.r  antenna,  by  any  passive  r-f  filter 

that  might  be  used,  or  by  the  r-f 

VWVVL  9-17  Diract-dsttetlon  re«!v.ri.  bandwidth  of  the  detector  unit.  Op¬ 
eration  is  obviously  restricted  to 
the  overlap  frequency  ranga  of  any  band-limiting  devices  that  may  be  inter¬ 
posed  ahead  of  the  detector  element.  In  this  circumstance,  over-ali  receiver 
sensitivity  is  set  by  the  characteristics  of  the  detector  unit  and  is  substanii- 
ally  independent  of  acceptance  bandwidth.  (This  presumes  some  care  to 
ir.sui'e  low-noise  properties  In  the  video  amplifier.)  In  other  words,  the 
rKsiver  noise  output  is  set  by  the  noise  properties  of  the  detector,  these 
being  such  that  detector  noise  overrides  the  contribution  from  other  circuit 
elements  (Chapter  19  of  Reference  1). 

If  r-f  preampliflcation  is  employed,  it  is  usual  that  the  r-f  bandwidth 
properties  of  the  preamplifier  will  set  the  bandwidth  characteristics  for  the 
receiver.  Also,  the  sensitivity  will  be  set  by  the  acceptance  bandwidth  and 
noise  figure  of  the  preamplifier.  ('I'hls  presumes  a  curtain  minimum  gain  in 
the  preamplifier,  relative  to  its  rvolse-figure  and  to  the  noise-figure  of  the 
foilowinf  stage.  The  preamplifier  noise  contribution  then  predominates  in 
the  total  receiver  output  noise;  see  Reference  13) 


9.7.1  Broad  Accepliuice  Band  Dlrect-Detactlon  Rcceivara 

This  category  includes  the  untuned,  wide-open,  crystal-video  receivers. 
The  total  r-f  band  monitored  corresponds  identically  to  the  acceptance  band¬ 
width;  there  Is  no  tuning.  The  particular  attractions  are  the  simplicity, 
light  weight,  small  sixe,  low  power  consumption,  etc.;  and,  for  many  uses, 
the  high  Intercept  probability.  Intercept  probability  Is  unity  for  these  signals 
having  sufficient  amplitude  to  be  detected  and  recognlied.  Unfortunately, 
the  sensitivity  is  apt  to  be  low,  tangential  sensitivities  of  —45  to  —55  dbm 
being  typiciil  in  the  microwave  range  below  K-band  and  with  reasonable 
(megacycle)  video  bandwidths.  When  “eicctfica!"  detection  (automatic  trig- 
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gering)  ii  employed,  a  practical  leniitivlty  range  li  —3S  to  —iS  dbm  with  a 
reasonable  fftlse-alarm  rate. 

'I'he  heart  of  the  receiver  U  the  detector  unit;  both  bandwidth  and  send* 
tlvity  are  directly  related  to  its  properties.  The  substantial  research  and 
development  efforts  on  detectors  are  producing  continuing  Improvements. 
As  of  this  time  (circa  1959)  r>f  bandwidths  from  2:1  to  10:1  &re  standard 
and  tangential  sensitivities  of  —55  dbtn  or  better  are  anticipated  (with  a 
one-megacycle  video  bandwidth). 

Detector  units  are  under  development  for  use  to  frequencies  substantially 
above  100  kilomegacycles  per  second,  and  in  many  of  the  higher  frequency 
bands  this  receiver  type  represents,  at  the  moment,  the  only  available 
technique. 

The  drawbacks  are  the  low  sensitivity,  and  the  absence  of  frequency 
selectivity.  Precise  measurement  of  frequency  is  not  possible.  Because  of 
the  lack  of  resolution  in  frequency,  data  rates  are  high  in  high-signal  density 
areas,  and  trouble  msy  be  encountered  In  establishing  any  practical  in¬ 
dividual  signal  recognition  or  selection.*  Because  of  the  wide  variations  in 
the  amplitudes  of  Incident  signals  simultaneously  present  there  is  apt  to  be 
a  dynamic  range  problem.  Ordinarily,  manual  gain  adjustment  is  not  feas¬ 
ible;  the  circuitry  must  be  able  to  handle  the  many  signals  without  gain 
adjustment.  The  gain  control  problem  is  complicated  in  the  video  circuitry 
because  of  the  dynamic  range  expansion  resulting  from  the  square-law  de¬ 
tector  characteristic  applicable  over  much  of  the  r-f  input  signal  amplitude 
range.  Considerable  attention  to  the  design  and  use  of  logarithmic  video 
amplifiers  with  this  type  of  receiver  has  resulted.  Transistor  circuitry  has  a 
natural  association  with  the  small  size,  weight,  and  power  consumption 
properties  desired  In  these  receivers  and  some  truly  remarkable  units  have 
been  developed. 

The  physical  nature  o>  the  r-f  circuitry  Is  dependent  on  the  frequency 
band  involved  and  is  ordinarily,  though  not  necessarily,  of  coaxial,  strip¬ 
line,  or  waveguide  configuration.  Because  of  the  low  sensitivity  it  is  not  un¬ 
common  to  locate  the  detecior  unit  Immediately  following  a  directional 
microwave  antenna.  There  results  a  sensitivity  benefit  (rum  the  antenna  gain 
and  from  the  reduced  transmission-line  losses.  'Fhus,  this  conAguratlon  pro¬ 
vides  a  space  discrimination  (Axed  or  scanning)  with  a  sensitivity  improve¬ 
ment  analogous  to  the  frequency  discrimination  and  sensitivity  improve¬ 
ment  obtained  in  a  tunable  receiver. 

*  However,  the  reiultsnt  wide-open  nature  of  the  receiver  may  welt  permit  the  effective 
meaturement  of  other  I'.unal  parameter!,  ao  as  to  completely  uffaet  the  Inability  to 
meanure  frequency.  Indeed,  If  s  linitle  emitter  transmits  proKrammed  or  random  pulse-to- 
pulse  frequency  variations,  a  frequency-selective  Intercept  receiver  would  be  in  some 
dlMculty. 
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9.7:2  Tba  Untuned  Receiver  With  R>F  Preonspilflcetlon 

A  bulc  ttUck  on  the  tensitivity  problem  ii  often  mcde  via  broadband  r-f 
preampltflcation  with  a  TW’T  tuuaily  providing  the  basic  mechanism.  Band¬ 
width  and  gain  characteristics  then  are  controlled  by  the  r-f  amplifier  tube 
as  shown  in  Figure  9-17(6).  A  2:1  r-f  bandwidth  is  common  up  through 
X-band  with  narrower  t»ndwidths  possible  in  the  lower  K-band.  Noise 
figures  of  5  to  25  decibels  are  not  uncommon,  u  seen  In  Chapters  26  and 
27,  depending  on  the  nature  of  the  TWT.  The  lower  noise-figures  are  ordin¬ 
arily  associated  with  physically  heavier  tubes,  narrower-band  tubes,  and,  to 
some  extent,  with  lower  freo.uency  tubes.  Despite  a  higher  noise-figure,  the 
characteristics  of  the  light-weight  tubes  (permanent  magnet  focussed,  electro¬ 
statically  focussed;  etc.)  are  more  consistent  with  the  weight  and  power 
consumption  objectives  of  the  crystal- video  receiver  and  are  frequently 
chosen  for  these  advantages  (Figure  9-18). 

The  tangential  sensitivity  of  broadband  receivers  with  TWT  preamplifica¬ 
tion  typically  range  from  -60  to  -80  dbm  in  accordance  with  TWT  noise 
characteristics.  Any  such  sensitivity  improvement  accentuates  tremendously 
the  potential  confusion  arising  in  high-signal  density  environments.  For¬ 
tunately,  the  nature  of  the  TWT  r-f  preamplification  affords  a  partial  rem¬ 
edy  through  the  automatic  r-f  gain  confrol  (age)  processes  inade  possible. 
One  such  technique  assists  a  sequential  attention  to  signals  on  an  amplitude 
basis  in  those  instances  when  the  scanning  actions  (in  direction)  of  traiu- 
mittlng  and,  possibly,  receiving  antennas  (plus  the  possible  physical  motion 
of  transrrulier  and/or  receiver)  tend  to  cause  each  of  the  signals,  In  turn, 
to  be  the  strongest  present.  The  age  action  can  be  made  to  favor  the  strong 
signal  by  causing  a  momentary  suppreNlon  of  the  otlters  present;  the  ten¬ 
dency,  then,  is  to  produce  a  clean  "look"  at  each  signal  In  turn.  There  re¬ 
sults  a  "time  segregation"  of  signals,  which  can  be  an  important  aid  to 
signal  selection. 

9.7.S  Direcl-Deteetlon  Receivers  With  Tunable  Preselection 

The  problems  In  data  handling  occasioned  by  the  "wide-open"  operation 
of  the  broadband  receiver  can  be  largely  relieved  by  deliberately  restricting 
the  acceptance  bandwidth  of  the  receiver.  This  can  be  done  by  adding  a 
narrow-lMnd,  passlv,  r-f  filter  adjustable  in  frequency  (Figure  9-17e).  The 
principal  gain  is  In  selectivity  (and,  hence,  in  reduction  of  interference)  and 
in  accuracy  of  frequency  measurement.  There  is  at  best  lio  gain  in  sensi¬ 
tivity;  presuming  no  preamplification,  the  acceptance  bandwidth  variation 
has  no  practical  effect  on  receiver  noise  output  power.  There  is  a  loss  in 
intercept  probability  since,  basically,  the  attention  of  the  receiver  to  an  r-f 
signal  frequency  must  be  time-shared  with  the  other  frequency  increments 
that  together  compose  the  total  band  to  be  monitored. 
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ImporUnt  p«r«m«tert  in  connection  with  t  tunable,  paMlve  ftiter  are  iti 
acceptance  bandwidth  (usually  the  3>decibc]  bandwidth),  the  mid-band 
inurtion  loaa,  the  "akirt”  eelcctlvity  (a  meaaure  of  the  ability  to  reject 
large  amplitude,  off-frequency  signali)  and  the  tuning  mcchaniam — manual 
or  motor  drive,  tuning  ipeed,  etc.  Ordinary  ftiter  theory  applies,  i.e.,  lns»- 
tion  loss  increases  but  skirt  selectivity  improves  as  the  number  of  csKaded 
circuits  in  the  ftiter  is  increased.  Bandwidths  range  typically  from  a  f/rac- 
tIon  of  a  percent  to  several  percent  of  the  total  tuning  range.  The  design  of 
tunable  paseive  filters  for  preselector  use  is  discussed  h  Chapter  3S  of 
keierence  2. 


There  are  but  few  practical  r»ce^,'ers  of  this  type,  site  addition  of  a  tun¬ 
able  niter  penalises  the  basic  simpikity  of  the  crystal-video  receiver  while 
the  remaining  hek  of  seraitivity  is  a  definite  drawback.  In  the  absence  of 
substantial  sensitivity  (sufftcient  to  permit  reception  of  roinor-lobe  radiation 
front  the  transmitting  sntenns)  there  is  a  serious  loss  of  intercept  probcbiiity 
brought  about  by  the  reduction  in  acceptance  bandwidth.  (This  is  dbeusaed 
in  Section  9.S  where  ti  will  be  at  least  moderately  short  sod  <  <i.) 


9.7,4  The  Addition  of  PreaeiMrllon  Plus  R-F  Preampllflratlon 
The  electrical  performance  'objections  to  the  direct-detection  receiver  plus 
i  passive,  tunable  filter  --iti)  largely  removed  when  r-f  preampliftcation  is 
added  to  the  system,  ji’hyaicfilly,  this  can  be  done  in  two  ways:  by  adding 
a  broadband  untuned  preamplifier  such  that  the  receiver  bandwidth  is  stiil 
determined  by  '{2ie  passive  filter,  or  by  adding  a  tunable  preamplifier  having, 
in  itself  .ne  acceptance  bandwidth  characteristics  desired  for  the  rcceivei^" 
If  tho  broadband  preamplifier  Is  used,  there  are  two  poasible  eon|lgi)». 
lions:  It  can  be  connected  directly  to  the  antenna  with  the  naijs^er-band 
tunable  filter  interposed  between  it  and  the  detector  unit,  ojAi  c&n  follow 
the  filter  and  directly  precede  the  detector.  There  are  ^gliments  for  each 
Kheme  with  the  majority  favoring  the  use  of  the  pj^smplifier  as  the  Input 
element  (Figure  9-17d).  In  particular,  if  the  ftljj^ollows  the  amplifier  It 
then  restricts  the  noise  bandwidth  as  well  a;  the  signal  .acceptance  band¬ 
width  and  the  sensitivity  is  co:idltioned/by  the  preamplifier  noise  figure 
(presuming  reasonable  preamplifier  gsjh)  taken  with  the  following  narrow 
r  f  f'iter  bandwidth.  Otherwise  sr^tlvlty  would  be  penalized  since  the  nolfte 
bandwidth  with  the  filter  precjgrfing  the  amplifier  would  remain  as  the  total 
bandwidth  of  the  preamplJil^  even  though  the  incremental  bandwidth  for 
signal  reception  a  w^M'lx!  reduced.  In  addition,  the  preamplifier  (as  the 
Input  element)  oll^ifcan  be  operated  physically  at  a  Iwation  remote  from 
the  receiver  its^l'^  l^erhaps  at  the  antenna,  so  that  subsequent  transmission 
cubic  or  v^i^uidc  losses  do  not  impair  the  basic  sensitivity  of  the  receiver 
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y^(ilnc«!  buth  noiie  and  lignal  are  attenuated  equally).  It  it  uiitally  more 
/  diillcult  to  operate  a  tunable  Alter  by  remote  control  u  would  be  neceirery 
were  it  to  be  aaioclated  with  the  remote  antenna  u  the  input  clenfwnt 
There  it  one  important  advantage  in  having  the  Alter  precede  the  ampli- 
Aer.  Limiting  may  well  occur  in  the  ampUAer  because  the  dynamic  ranse  of 
input  aignali  may  far  exceed  the  ampllArr  capabilities.  If  two  ai^naU  are 
present  in  the  ampliAer  simultaneously,  mixing  U  possible  such  that  output 
signals  on  spurious  frequencies  can  be  produced;  they  m^y  be  interpreted 
as  genuine  when  a  Alter  (following  the  ampliAer)  turrf:s  to  a  spurious  fre¬ 
quency.  If  the  Alter  precedes  the  ampliAer,  any  signals  passing  through  the 
Alter  must  have  been  present  at  the  receiver  input  and  to  that  extent  they 
can  be  classiAed  as  iegltinute. 

A  preampliAed  video  receiver  with  two  ?-14-kmc  channels  is  shown  in 
Figure  9' IS. 


Fiousx  9-tB  A  pretmpllllisd  erysttl  video  receiver.  This  unit  eonteini  two  Kparite  7-14 
kilomogseysie  chenneli,  eseh  having  a  TWT  preampilAer,  a  detector,  and  a  video  ampli- 
fter,  at  well  ai  an  Integral  power  supply. 

The  second  important  class  of  receivers  of  this  basic  type  employs  elec¬ 
tronically  tuned  preampliAers  having  In  themselves  the  acceptance  band¬ 
width  characteristics  desired  for  the  system.  Dispersive  TWT  ampliAers 
and  backward-wave  amplifiers,  both  voltage-tuned  devices,  represent  the 
principal  comixtnents  for  use  in  the  microwave  ranges.  The  dis()ersive  TWT 
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Ita^pln  !s_varlibl«i.^**??;';f^W.cy;  lo  too  ii  its 
acceptance  bandwidth.  The  latter  quantity  la  quit*  Uirge  (uaually  10  to  itO 
percent  of  the  center  radio  frequency).  No>!^  figures  ordinarily  are  not  good 
and  the  skirt  selectivity  is  moderately  poor.  Even  though  sontc  improveTXirit 
in  bandwidth  characteristic);  c«n  Le  obtained  by  casca.ding  tubes  (to  form 
a  multistage  amplifler)  the  over-all  characteristkj  are  ii^(tractive  for  many 
important  uses.  A  sensitivity  oi  —35  to  —65  dbm  at  S-barid  is  t.ypicai< 

The  backw.^ril-wavo  amplifier  promises  better  performanctt  in  terms  of 
noise  ngute,  gain,  end  resoI>‘.t‘.on~acceptance  bandwidths  of  0.1  to  1.0 
percent  being  quite  ressonable.  Since  the  resulting  receivers  are  electrically 
tuned,  a  great  versatility  in  tuning  is  possible;  this  leads  naturally  to  pan- 
oram's  visual  presentation  of  Intercepted  signals  ar  a  primary  direct  display 
mechanism;  It  provides  for  the  automatic  signal  control  of  the  frequency 
scan  process  (to  put  the  receiver  on-frequency);  and  It  provide!  an  output 
voltage  related  to  frequency  (the  control  for  the  electronically  tunable 
element)  that  is  convenient  for  recording  and  automatic  processing  purposes. 

Basically,  the  tuned,  turrow-band,  direct-detection  receivi^r  with  r-f  pre- 
amplification — a  true  TRF  configuration— constitutes  a  very  useful  receiver 
class.  It  is  excellent  competition  for  the  superheterodyne  as  regards  noise 
figure  and  bandwidth  (and  hence  serultivlty),  and  tunabllity.  In  some 
instances  it  is  less  troubled  with  spurious  responses  (a  very  Important  u- 
pect).  S-band  senaltlvlties  in  the  —100  dbm  range  for  a  5-megacycle  accep¬ 
tance  bandwidth  have  been  developed.  However,  the  uniformity  of  charac¬ 
teristics  as  a  function  of  frequency,  the  skirt  selectivity,  and  the  versatility 
(in  bandwidth  adjustment)  are  factors  apt  to  be  poorer  than  thoae  found 
In  a  comparable  superheterodyne.  The  superheterodyne  now  it  ordinarily 
favored  in  those  frequency  ranges  in  which  components  for  both  exist,  but 
advances  in  techniques  are  causing  increawd  attention  to  the  TRF  receiver. 

9.7.5  MuItiple<<IhwincS,  XHreot-Deteetlon  Receiver 

The  limited  acceptance  bandwidth  of  the  TRF  receiver  necessitates  a 
tuning  program.  But  In  no  event  will  the  proportion  of  time  spent  on  any 
one  frequency,  on  the  average,  exceed  the  ratio  of  acceptance  Lundwidth  to 
total  r-f  bandwidth.  Thus,  the  time  devoted  to  any  frequency  may  be  very 
small  and  Intercept  probability  will  certainly  suffer  in  some  important 
circumstances.  The  "multiple-channel"  direct-detection  receiver  is  an  in¬ 
genious  approach  to  high  intercept  probability  with  the  retention  of  fre¬ 
quency  resolution.  (The  instantaneous  frequency  indicators  of  Section  9.10.1 
have  similar  attractions.  A  multiple-channel  receiver  Is  described  in  detail 
in  Reference  14). 

Such  a  receiver  !.;  Illustrated  in  Figure  9-19.  A  multiplicity  of  passive, 
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fixed-tuned  fllttn  provide!  con- 
tiguoui  frequency  coverage  over 
a  band  given  by  the  product  m* 
where  m  ia  the  numbw  of  fliteri 
and  a  it  their  individual  accept¬ 
ance  bandwidth.  The  filter!  are 
coupled  in  parallel  to  the  antenna 
and  each  feed!  an  individual 
detector-video  amplifier  combination.  Aa  a  conaequence,  the  receiver  ia  al- 
waya  aenaitive  on  ail  frequenciea.  Thua,  it  haa  high  Intercept  probability 
for  aignals  of  aufficient  atrength  regardleaa  of  frequency— but  it  haa,  aa  well, 
the  resolving  power  and  frequency  meaauring  ability  aaaociated  with  the 
individual  fllttr  bandwidth!,  'fhla  ia  an  attractive  combination;  a  receiver 
aenaitive  to  all  frequertciea  at  all  tiinea  but  with  aubatantial  reaolution  In 
frequency.* 

In  effect  the  receiver  quantize!  the  intercepted  information  by  diKrete 
frequency  tubbanda.  A  lo^cal,  aimple  viaual  diapiay  can  be  provided  by  a 
bank  of  lamps;  an  activated  light  aigniftea  occupancy  of  the  incremental 
bandwidth  with  which  the  lamp  is  aaaociated.  Digitising  of  the  information 
ia  readily  possible;  it  Is  necessary  only  to  associate  an  appropriate  identi¬ 
fying  code  word  with  each  frequency  channel.  This  is  a  particularly  useful 
alternaiivc  read-out  if  the  data  are  to  be  recorded  and  machine  processed. 

The  iitiique  circuitry  associated  with  this  receiver  type  resides  in  the 
individual  passive  filters  defining  each  frequency  aubband.  Multielement 
rilters  are  ordinarily  employed.  Physically,  the  elements  may  Involve  coaxial, 
waveguide,  or  strip-line  techniques.  The  complexity  of  the  Alter  Ifi  controlled 
largely  by  the  filter  characteristics  desired — the  sluipo  of  the  paasband,  the 
off-frequency  rejection,  the  allowable  insertion  loa.<i,  etc. 

There  ere  two  principal  problems.  First,  a  suitable  low-loss  coupling  to 
the  many  Alter  inputs  must  be  made  from  a  single  antenna.  Second,  the 
design  must  recognize  an  ambiguity  problem  that  can  arise  when  signals 
are  received  at  frequencies  near  crossover  points  of  adjacent  filters.  This 
latter  problem  is  revealed  in  Figure  9-20.  Presuming  something  less  than 
Infinite  skirt  selectivity  (and  a  nonrectangular  paasband  shape)  it  Is  appar¬ 
ent  that  a  strung  signal  In  the  Alter  crossover  region  can  register  in  more 

‘*Thc  "ipanotron"  U  ■  microwave  lube  providing  Inherently  the  propcrtici  of  fre¬ 
quency  iclectlon  and  detection  equivalent  to  the  passive  Altcr-cryital  detector  combina¬ 
tion.  The  bitter  combination  appears  to  have  practical  advantages  arguing  against  the 
use  of  the  spimotron  except  In  special  ctHS.  A  tunabla,  single-channel  equivalent  of  the 
ipanotron  la  furnished  by  the  cyclotron  resonance  ri  detector  tube.  A  comparison  of  the 
two  (and  a  complete  reference  list)  is  given  in  Kefcrcnce  IS. 


Fiovu  S-19  If  'it,.  '-chsniMl  dirMt-datcc- 
tion  rKcivar. 
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thKn  one  channel— hence,  the  ambiguity. 
Fortunately,  It  can  be  expected  that  the 
signal  levela  in  the  aeveral  affected  chan- 
neU  •vlll  be  different  and  thla  fumlihei 
the  baeb  for  the  operation  of  video  logic 
circuitry  which  "aselgna"  a  lignal  to  an 
individual  channel  indicator  by  noting 
relative  reeponaee  and  combinatbiu  of 
reeponnee.  Such  circuita  are  eometimei 
called  "airibeis”  tor  "ambiguity  elimina¬ 
tor*”. 

Since  the  logic  circuit  operation  is  based  on  relative  amplitude,  very 
deAnlte  requirements  are  automatically  imposed  on  standardtaed  gain  and 
response  cturacteristics  in  video  amplifiers,  on  uniform  characteristics  in 
direct-detector  elements,  etc.  This  nWd  has  fostered  the  development  of 
video  ampiiflers  of  renutrkable  uniformity  over  wide  ranges  of  operation— 
logarithmic  video  ampiiflers  being  no  exception. 

This  receiver  type  la  the  buis  for  a  very  useful  class  of  Intercep.  "sys¬ 
tems”.  A  receiver  of  the  form  dcecrlbed  provides  a  quantised  measure  of 
intercepted  signal  frequency.  Associated  with  it  Is  a  second  receiver  (Figure 


'^1 

FiovitB  9*20  PouibSt  imbi|u2:y  Sn 
muitipit-chftnnfl  rtctiver.  A  ilxntl  it 
/e  can  rtKhtrr  In  saon  than  ona  chin- 
ml  (but  at  difffnnt  amplitud*  !mli: 
«Si  xi» 


Fiouaa  9-21  A  receiver  (or  (requtney  and  direction.  Tlme-cotn- 
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9-2 i)  wide-open  in  frequencjr  but  quantixed  in  direction;  i.e.,  the  leveral 
“channeit”  ere  each  fed  by  an  individual  antenna  element  having  directional 
propertiee.  The  several  antenna  elemenU  provide  contiguoua  coverage  over 
the  desired  tector  (ai  much  as  369  degrees).  Thus,  an  individual  signal  will 
register  in  two  channels,  one  identifying  signal  frequency,  the  other  direction 
of  arrival.  The  two  responses  can  be  related  on  a  time-coincidence  basis  to 
give  essentially  instantaneous  indication  of  frequency  and  direction.  Further 
extensions  to  include  some  analysis  of  signal  details-^rf,  pulsewidth,  polari¬ 
sation,  etc.~have  been  develofMd  in  still  more  complex  devices. 

TheiM!  receivers  are  particularly  adapted  to  "automatic"  operation.  An 
operator  is  not  basically  necessary,  and  the  signal  indications  are  directly 
adaptable  to  recording  (through  taping  or  printing).  But  these  features  are 
obtained  only  with  reasonably  high  slgnal-to-noise  ratios  if  an  excessive 
number  of  false  indications  is  to  be  avoided;  basic  receiver  sensitivity  then 
is  apt  to  be  low— to  fall  in  the  —35  to  —45  dbm  range  for  S-  and  X-band 
units.  Individual  'hannel  widths  range  from  a  few  megacycles  to  several  tetu 
of  mepcyclts.  While  very  substantia!  sensitivity  improvements  can  be  (and 
are)  brought  about  by  the  Inclusion  of  a  broadband  r-f  preamplifler  ahead 
of  the  frequency  filters,  a  comparable  sensitivity  improvement  in  the  "Jlrec- 
tlon"  channels  would  require  a  multiplicity  of  such  amplifiers  (and  they 
would  necessarily  have  to  be  balancH  in  gain-frequency  characteristics). 
With  the  present  state-of-the-art  this  is  considered  an  excessive  price;  how¬ 
ever,  some  sensitivity  improvement  is  brought  about  in  the  direction  chan¬ 
nels  by  the  higher  gain  of  the  directional  ontennas. 

9.8  Staperhelerodyno  Receivers 

The  history  of  broadcast  and  communications  receivers  shows  several 
receiver  forms— crystal-detector,  regenerative,  TRF — to  have  preceded  the 
superheterodynes.  But  the  superheterodynes,  by  virtue  of  better  seniltivity 
and  selectivity,  later  almost  completely  dlspkx*.''d  the  earlier  types.  There 
has  been  some  repetition  of  this  trend  in  microwave  intercept  receiver 
field.  Each  new  band  extending  the  total  frequency  range  generally  has  been 
served  first  by  the  less-srphistlcs'.«d  receiver  types.  With  the  development 
uf  the  necessary  compon^mti',  superheterodynes  have  then  followed,  again 
often  bringing  improved  performance  in  terms  of  greater  sensitivity  and 
selectivity.  Although  it  ir.  of  great  importance,  the  superheterodyne,  how¬ 
ever,  has  not  completely  displaced  the  other  liitercept  receiver  types  In  the 
microwave  ranges  nor  does  it  appear  that  it  will  do  so;  high  sensitivity  and 
selectivity  alone  are  not  the  principal  requirements  for  many  intercept  re¬ 
ceiver  tasks.  In  fact,  nutny  of  the  superheterodyne  design  variations  to  be 
described  herein  are  prompted  by  the  necessity  for  modifying  the  basic 
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clMractertitiai  utocl«t«d  witk  receiver  type  so  u  to  produce  a  greater 
veriatillty  for  microwave  btercet>t  re<%!ver  use. 

9.8.1  Low-Fret;  <tey  fijpeirlieterodynoe 

At  lower  frequencies — the  VHF  range  and  below—the  superheterodyne 
Is  substantlallly  without  competition;  its  excellent  sensitivity  and  selec¬ 
tivity  characteristics  are  usually  of  maximum  importance.  Fortunately,  there 
is  an  extensive  technical  background  to  support  the  design  of  these  lower 
freqtKncy  receivers.  It  results  from  the  long  period  of  research  and  deveic^ 
mckit  undertaken  to  satisfy  the  requlrentents  imposed  on  receivers  used  in 
the  communications  and  entertainment  fields.  Most  of  this  technical  infor¬ 
mation  is  directly  adaptable  to  use  in  low-frequency  intercept  receivers. 

This  opportunity  for  the  utilisation  of  “conventloral”  techniques  connei 
about  largely  because  of  the  particular  nature  of  the  low-frequency  Intcrc^ 
operation.  At  high  frequencies,  mere  knowledge  of  the  existence  of  a  signal 
at  tome  particular  time  or  of  its  location  can  be  tremendously  important. 
Identification  of  signal  type,  a  potentially  rapid  accomplishment,  usually 
rounds  out  the  intercept  operation.  But  at  low  frequencies  it  is  necessary  to 
anticipate  the  continual  existence  of  many  signals,  and  there  may  well  be 
little  about  tht.  individual  signal  type— AM,  FM,  code,  etc. — that  immedi¬ 
ately  identifies  It.  Determinations  of  direction  of  arrival,  propagation  mechan¬ 
ism,  polarisation,  etc.,  or  of  meesage  content  (a  time  consuming  ptoceas) 
may  be  primary  system  functions  as  required  for  signal  identification  or  for 
intelligence  purpostts.  Thus,  it  is.  often  necessaty  to  accomplish  a  fa«t,  cursory 
examination  of  many  signals  in  a  screening  process  (and  fast-tuning  tech¬ 
niques,  panoramic  presentations,  etc.,  ..nd  application).  But  the  (oibw-up 
may  well  be  a  detailed,  longtime  examination  of  a  particular  signal.  This 
leads  to  stringent  receiver  requirements  in  stability,  selectivity,  signal-to- 
nolie  ratio,  etc.,  that  are  most  easily  utiifled  by  the  superheterodyne. 

The  low-frequency  superheterodyne  ..tercept  receiver,  then,  evolves  as 
the  natural  development  of  the  communications  superheterodyne  receiver 
augmented  frequently  with  circuitry  providing  fast-sweep  and  panoramic 
presentation  charactcristici.  It  is  interesting  to  note  that  even  these  special¬ 
ised  features  are  not  unknown  in  receivers  designed  for  more  conventional 
uses  in  the  same  general  frequency  ranges. 

9.8.2  High-Frequency  Superheterodynes 

The  superheterodyne  receivers  for  higher  frequencies — particularly  in  the 
UHF  and  microwave  ranges — do  not  have  the  broad  technical  support  of 
tec.i.’iiques  developed  for  other  receivers.  Admittedly,  the  receivers  designed 
fur  incorporation  In  certain  radar  systems  and  in  point-to-point  communi- 
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cations  links  are  similar  in  certain  important  respects.  But  the  intercept 
receiver  requirements  in  ternts  w.  broadband  coverage,  flexible  tunability, 
wide  or  variable  acceptance  bandwidth,  etc.,  have  been  substantially  unique 
a:td  the  related  circuitry  b^ars  description  here.  It  should  be  noted  that 
trends  in  modern  electronic  weapons  systems  are  producing  comparable  re¬ 
quirements  for  flexibility  In  the  receivers  associated  with  the  newer  target 
location  and  weapons  guidance  systems. 

The  diiGUision  will  be  divided  on  the  basis  of  tuning  characteristics  and 
acceptance  bandwidth  as  was  done  with  the  direct-detection  recovers.  The 
order  of  preaentation  will  be  different;  the  mechanically  tuned,  seruitive, 
narrow  acceptance  bandwidth  receiver  will  be  first  deMribcd,  the  associated 
features  being  easily  generated  by  superheterodyne  techniques  (in  contrast 
to  the  related  problems  encountered  in  the  direct-detection  (ecelver). 

9.8.8  Mechanically  Tuned  9up«rheterodyn«  Raceivars  (Slow- 
Scan) * 

This  receiver  type  results  from  the  natural  extension  of  bulc  super¬ 
heterodyne  techniques  to  the  higher  frequency  renges.  The  block  diagram 

is  conventional  (Figure  9-22). 
It  is  a  tremendously  imipnrtant 
intercept  receiver  type.  Though 
the  necessary  receiver  tech¬ 
niques  arc  basically  familiar, 
Fxovse  9.22  Bute  •up«rb«t.rodyn.  eoafiiurstlon.  frequency  and 

Operating  flexibility  is  not  always  easily  accomplished.  In  particular  there 
are  often  new  design  demands  on  pre-seloctorsi  local  oscillators,  mixers,  and 
i-f  ampllflers. 

This  receiver  type  admits  to  a  wide  selection  of  local  oscillators;  triodes, 
carcinotroni,  backward-wave  oscillators,  klystrons,  etc.,  all  frl  use.  Though 
it  Is  not  fundamentally  necessary,  the  manually  tuned  receivers  often  feature 
narrow  acceptance  bandwldths  (of  a  few  megacycles)  and  this  cliaractcrisiic 
usually  brings  an  accompanying  requirement  for  local  oscillator  stability  If 
the  receiver  Is  to  be  operated  at  all  on  a  flxed-tuned  basis.  Fortunately,  this 
stability  requirement  not  incor^istent  with  the  features  of  mechanically 
tuned  local  oscillators.  It  also  is  generally  true  that  the  allowable  tuning 
rates,  in  megacycles  per  second  per  second,  are  then  apt  to  be  low.  These 
receivers  are  frequently  fltted  with  a  motor-drive  arrangement  permitting  a 
repetitive  scan  of  the  total  frequency  range,  or  of  a  limiiced  sector.  Again, 
scan  rates  are  usually  low — a  few  cycles  per  second  at  the  maximum  if  the 

cIsmIc  exampli  U  the  AN/APR-9.  The  modern  derivadon  U  described  In  Refer¬ 
ence  16. 
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prlmury  locfti  oscillator  ii  involved  in  the  tuning  proceu.  An  excellent  ex¬ 
ample  of  this  technique  U  covered  in  Reference  17. 

Double-  and  triple-deteciion  techniques  And  application  in  these  "conven¬ 
tional"  superheterodyne  receivers.  Of  particular  interest  is  the  development 
of  the  panoramic  display  via  a  second,  electronically  tuned  local  oKillator 
which  furnishes  a  rapid  "scan"  of  the  signals  in  a  wide,  flrst  i-f  amplifier 
(Section  34-7,  pages  984-987  of  Reference  2). 

Ilia  tuning  characteristics  of  the  seceiver  are  largely  set  by  the  tuning 
versatility  of  the  local  opcillator.  At  some  risk  it  can  be  generalised  that  the 
oscillators  inherently  more  difficult  to  tune  (in  the  technical  sense)  provide 
advantages  in  stable  operation.  The  more  versatile  the  receiver  tuning,  as 
via  the  electronically  tuned  oscillators,  the  lower  the  stability  (a  diik.dvan- 
tage  offset  in  many  instances  by  the  greater  tuning  ilexlbility).  Local  oscil¬ 
lator  r-f  output  power  requlremeRta  are  conventional"  -s  few  milliwatts, 
typically,  except  in  special  instances.  More  total  output  power  is  required 
in  certain  receivers  utilizing  mjiuple  local  oscillator  signals.  These  signals 
are  sometimes  developed  by  modulating  a  higher-power  local  oscillator  so 
os  to  produce  an  appropriate  spectral  distribution  of  sidebands,  each  serving 
as  a  "locei  oscillator"  signal. 

No  unusual  mixer  techniques  are  introduced  necesurily  by  the  intercept 
receiver  implication.  The  I-f  amplifier  center  frequencies  and  bandwidths 
are  often  typical  of  microwave  receivers  in  general.  Mixer  conversion  losses 
In  the  order  of  6  to  10  decibels  at  the  S-band,  and  8  to  12  decibels  at  the 
X-band  are  usual  with  1-f  amplifier  center  frequencies  In  the  ?0  to  200 
megacycles  per  second  range.  However,  image  rejection  problems  lend  to  be 
accentuated  and  this  has  a  reaction  on  mixer  design  in  that  unusual  selec¬ 
tions  of  i-f  amplifier  center  frequencies  are  suggested.  The  spurious  response 
problem  is  discussed  with  particular  reference  to  Intercept  receivers  In  Sec¬ 
tion  34-8,  pages  987-992  of  Reference  2.  Tims,  center  frequencies  of  several 
hundred  or  several  thousand  megacycles  are  sometimes  employed.  (This 
aids  the  frequency  separation  of  responses  and  assists  the  selection  cf  the 
desired  response  by  a  preselector  of  practical  selectivity  characteristics.) 
The  reaction  on  mixer  design  Is  serious  usually  only  if  the  ratio  of  Input 
signal  frequency  value  to  the  translated  intermediate  frequency  counter¬ 
part  is  low. 

As  an  alternative  to  the  high  i-f  amplifier  frequency,  the  center  frequency 
is  sometimes  lowered  to  bring  the  two  responses  together  In  frequency  (the 
zero-frequency  superheterodyne).  No  preselection  is  employed  on  the  pre¬ 
sumption  that,  since  the  impaired  resolution  can  be  tolerated,  the  closeness 
in  frequency  of  the  responses  will  aid  their  identification.  This  simplifies 
mixer  design  in  one  sense  (the  i-f  amplifier  frequency  is  low).  However, 
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the  lyitetn  now  must  contend  with  powible  increased  (!ow<^'‘equency) 
noise  contributions  from  the  nuxer  and  local  oscillator.  It  complicates  it  in 
another  sense,  for  if  the  i'f  amplifier  response  extends  to  low  frequencies, 
the  amplifier  will  pass  signals  developed  ^trough  the  direct*dctection  action 
of  the  mixer  crystal  (In  the  manner  of  the  crystal-video  receiver).  Though 
the  efficiency  of  the  direct-detection  process  is  low,  a  substantia!  response 
can  be  develc^jed  by  a  strong  signal.  Since  the  direct-detection  action  is  not 
conditioned  by  any  frequency  selection  process,  a  very  substantial  confusion 
can  result — a  direct-detected  response  may  be  erroneously  ri^ated  to  the 
current  frequency  setting  of  the  receiver  which  is  correctly  applicable  only 
to  signals  producsd  by  the  normal  superheterodyne  conversion  and  detection 
process.  One  common  remedy  affects  mixer  design:  by  the  use  of  a  balanced 
mixer  the  output  signal  resulting  from  direct-detection  action  can  be  very 
substantially  reduced.  Alternatively,  a  direct-detection  comparison  channel 
can  be  utilised.  A  third  approach  Involves  r-f  compression  of  dynamic  range 
^fore  mixing  so  as  to  hold  direct-detection  spurious  rer  ses  below  the 
nolK  levsi. 

Much  of  the  attraction  of  the  superheterodyne  intercept  receiver  resides 
in  the  characteristics  set  by  the  i-f  amplifier  design.  In  particular,  the  pass- 
band  characteristics  and  off-frequency  signal  rejection  abilities  are  of  para¬ 
mount  importance.  This  has  led  to  a  great  deal  of  attention  to  1-f  amplifier 
deitign  Intended  to  accentuate  features  useful  in  Intercept  receivers — low- 
noise  characteristics,  very  high  or  very  low  center  frequencies,  logarithmic 
response  characteristics  in  some  cases,  wide  dynamic  range,  etc.  When  the 
requirements  are  inconsistent  for  a  single  amplifier,  the  usual  doubit-  or 
triple-detection  principle  often  affords  the  answer.  The  i-(  amplifier  require¬ 
ments  for  the  manually  tuned  narrow  acceptance  bandwidth  receiver  are 
largely  conventional.  The  more  important  i-f  amplifier  design  variations  are 
described  in  Section  9.8.4  in  connection  with  electronically  tuned  super¬ 
heterodynes. 

One  of  the  problems  accentuated  in  microwave  intercept  receivers  Is  that 
of  preselector  design.  1116  receiver  that  Is  manually  tuned  (by  hand  or  by 
motor-drive)  is  favored  in  this  regard  in  that  there  Is  then  admitted  for 
consideration  the  multiple-circuit,  mechanically  tuned  preselector.  In  com¬ 
bination  with  high-center-fre<',uency  (VHP)  i-f  amplifiers  (to  separate  re- 
i|)onses),  multiple-circuit  preselectors  can  bring  about  imoge  and  spurious 
response  rejections  in  the  60  to  80-decibe!  range.  It  is  desirable  that  the 
insertion  los.s  of  such  a  passive  prcs;:!ectcr  be  low;  values  of  0.5  to  3  decibel.'; 
are  usual  (Chapter  28,  pages  741-795  of  Reference  2  and  see  also  Reference 
18). 

There  are  no  special  considerations  attendant  to  the  development  of  the 
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second  detector  and  video  atnpU&er  portions  of  the  superheterodyne  inter* 
cept  receiver.  A  lignai  once  established  in  the  l*f  ansplifier  can  be  treated 
by  conventional  techniques.  It  Is  necessary  that  the  response  cbaracterist!t» 
(dynamic  range,  transient  response,  etc.)  match  the  requirement  of  the 
receiver.  But  many  of  the  problems  in  this  regard  (in  developing  high  gain, 
tailon4  response  characteristics,  etc.)  can  be  handled  more  conveniently  in 
the  i*f  ampli^er  of  the  superheterodymi  than  in  the  postdetection  circuitry 
of  the  direct-detection  receiver.  The  unusual  problems  that  do  exiit  are 
largely  generated  by  the  possible  multiple-purpose  uses  for  the  receiver — 
perhaps  the  need  to  handle  in  quick  succestlon  narrour  pulse  signals,  c-w 
signals,  FM  signals,  etc.  As  a  consequence,  a  SlaeJ|*v  receiver  may  involve  a 
conventional  second-detector  for  AM  signals,  an  FM  discriminator,  SSB 
circuitry,  a  wideband  video  amplifter  to  drive  a  pulse  analyser  or  video 
recorder,  an  audio  channel  for  headphone  or  tape  use,  digital  rMd-out  cir¬ 
cuitry,  etc.  These  abilities  may  all  be  in  use  simultaneously  or  individually 
by  (^tlon.  There  is  a  resultant  circuit  complication  but  no  unustially  diffi¬ 
cult  design  problem  uniquely  aKribable  to  the  intercept  function. 

9.8.4  Th«  EUctronicaUy  Tuned  SujMtFiseterodyns 

Versctility  In  tuning  is  the  keynote  of  the  electronically  tuned  super¬ 
heterodyne.  Basic  to  this  receiver  type  is  an  electronically  tuned  local  oscil¬ 
lator— -a  carclnotron,  backward-wave  oscillator,  helttron,  ophitron,  voltage- 
tuned  magnetron,  etc..  In  the  microwave  range;  usually  a  f’oltage-sensitive 
capacitor  or  current-sensitive  inductor  in  the  frequency-determining  circuit 
of  a  more  conventional  local  oscillator  in  the  lower  frequency  receivers.  It 
is  this  electronicslly  tuned  element  which  distinguishes  the  receiver  type; 
with  this  substitution,  the  block  diagram  of  Figure  9-22  is  applicable. 

With  this  tuning  versatility  come  certain  advantages  for  some  intercept 
receiver  uses.  The  practical  limitation  on  scan  rate  largely  vaidahes;  the 
frequency  scanning  process  enn  be  programmed  easily  over  either  full  or 
selected  incremental  r-f  bandwidth! ;  the  frequency  scan  can  be  stopped 
quickly  and  perhaps  automatically  on  a  signal-triggered  basis;  there  is  a 
convenient  voltage  or  current  versus  frequency  relationship  aiding  automatic 
frequency  read-out,  etc.  (Reference  19). 

There  are  problems  introduced  or  accentuated  by  the  electronic  tuning 
process.  A  high  Kan  rate  argues  for  receiver  acceptance  bandwidth!  that 
push  the  bandwidth  capabilities  of  conventional  i-f  ampllflers;  there  are  not 
now  readily  available  the  electronically  tuned  preulectors  having  all  of  the 
characteristics  in  bandwidth,  skirt  selectivity,  noise  figure,  etc.,  ordinarily 
desired.  (The  backward-wave  amplifter  offers  great  promise  In  this  direction.) 
These  factors  push  i-f  amplifier  design  to  very  low  or  very  high  center  fre¬ 
quencies  (for  control  of  spuriou.s  responses),  and  to  substantial  acceptance 
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btndwMths  (for  higher  intercept  probibil'ty  in  torne  typicai  »earch  con- 
diticcs). 

Microwave  i-f  tmpllfleirs  ere  •omeiitnee  lued.  There  ia  then  no  prcbiem 
in  developing  wide  bandwidtha  (and  bandwidth  adjuatntent  ht  readily  ac- 
contpiiahed  through  the  insertion  of  peasive,  bandwidth  limiting  ftltera)."' 
By  an  appri^riate  design  of  the  intermediate  frequency  amplifier — for  ex¬ 
ample,  by  aeiccting  a  microwave  center  frequency  value  greater  than  the 
width,  per  band,  of  the  radio  frequency  ranges  to  be  monitored — problems 
from  images  end  spurious  responses  can  be  !  ergeiy  ellsnlnated  despsie  the 
absence  of  a  preselector.  It  should  be  noted  that  sonte  very  ingenious  schemes 
have  been  employed  successfully  in  receivers  to  eliminate  an  image  response 
without  preselection  by,  in  effect,  characterising  the  multiple  responses  such 
that  the  one  desired  can  be  selected  by  subsequent  circuitry.  One  device 
accomplishes  this  by  a  combination  of  balanced  mixing  and  broadband  phase 
shifting  which  establishes  a  particular  signal  polarity  (assisting  selection)  for 
the  desired  response  (Reference  22).  Further,  it  is  convenient  to  cover  two 
r-f  bands  per  iocal-oscillator  tuning  range  via  the  simultaneous  or  alternate 
use  of  both  higher-signal-frequcncy  and  lower-signai-frequency  responses, 
both  of  which  appear  within  the  given  i-f  amplifier  range.  A  block  diagram 

of  such  a  receiver  appears  in 
Figure  9-23.  It  is  possible,  also, 
to  multiplex  several  narrower 
heterodj’ned  r-f  channels  through 
a  single,  very  wide  band  i-f 
ampliAer  in  certain  cases.  This 
Fwuw  9-13  A  ntnfls  local  occilktor — two-band  technique  was  Investigated  ex- 
MiparlMttrodyiw.  Esampk;  Band  1  covcri  9-iS  tensively  in  connection  with  the 
kc.  Band  J  coven  15-21  ke;  local  o*ctllator  coven  development  of  the  ALR-7  re- 
12  to  IS  kci  1-f  amptifiar  canter  traquency  eat  ceiver  (Reference  21). 

**  *  The  use  of  a  microwave  I-f 

ampliAer  usually  Introduces  a  penalty  In  terms  of  noise  Agure.f  This  is  not 
necessarily  true  if  a  parametric  ampliAer  (with  Its  narrow  acceptance  band¬ 
width)  is  involved.  More  typically,  the  ampliAer  performance  is  based  on 
the  poorer  noise  characteristics  of  a  much  ^der  band,  lor/-nolse  TWT.  In 
fact,  several  tubes  may  be  employed  In  cascade  If  high-gain,  wide  dynamic- 
range  characteristics  are  required.  Fortunately,  too,  the  TWT  ampliAer  is 
subject  to  versatlile  gain  control  measures  which  aid  in  the  handling  of  sig¬ 
nals  of  widely  different  amplitudes. 

The  principal  reaction  on  mixer  design  cf  the  electronic  tuning  proces.'* 

*Somf  of  the  over-all  f?eturc!S  fire  outlined  in  Reference  20  find  fi  very  verifitile  form 
of  thU  receiver  U  deecrlbed  in  Reference  21. 

tUnleift  r-f  pretmpliftcfitlon  U  tveiUblc  (tee  Section  9.8.5). 
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reiulU  when  a  microwave  l-f  ampUfler  is  to  be  incorporated  in  the  receiver. 
Thif  cai’s  for  a  wideband  heterodyned  signs!  bandwidth  at  a  center  fre¬ 
quency  that  may  be  close  to  the  r-f  signal  frequency  band;  both  factors, 
bandwidth  and  the  closeness  in  frequency,  compllcats  mixer  design.  An 
interesting  problem  can  arise  if  the  frequency  scan  rate,  in  megicycles  per 
Mcond,  is  increased  to  very  high  vaiuss  (as  in  the  “microeweep”  receiver 
deKribed  in  Section  9.9).  The  variable  (with  frequency)  noise  contribution 
from  the  mixer  then  can  demodulate  in  tho  postdetection  circuitry  as  an 
interfering  audio  or  video  “noise”  signal,  and  its  presence  complicates  true- 
signal  recognition  and  identificatioa  pfoceiees. 

The  electronic  tuning  process,  as  such,  does  not  Introduce  additional  (ac¬ 
tors  conditioning  the  design  of  the  second-dctector  and  postdetection  cir¬ 
cuitry,  except  Inucfsr  ss  wide  bandwidths  may  be  required  (Reference  23). 

9.B.S  The  Use  of  R-F  Preamp!! fjeatlon 

As  in  the  case  of  the  direct-detection  receivers,  it  is  possible  to  precede 
the  superheterodyne  mixer  or  pauive  preselector  with  r-f  preampliAcation. 
A  tunable  presmpliAer  can  substitute  for  both  a  passive  preselector  and  a 
broadband  preampliAer.  The  beneAts  and  problems  are  entirely  comparable, 
and  the  over-all  receiver  performances  (TRF  versus  superheterodyiie),  for 
a  given  acceptance  bandwidth,  are  apt  to  be  very  similar. 

In  some  cases,  there  are  important  side  beneAts  to  the  superbeteredyne 
brought  about  by  the  use  of  a  preampliAer.  Mixer  and  i-f  ampUAer  design 
problems  which  limited  receiver  sensitivities  are  removed  since  the  noise 
Agure  can  be  set  by  the  preampliAer.  lltere  is  burnout  protection  for  iho 
mixer  crystal  (because  of  preampliAer  strong-signal  limiting),  and  there  is 
some  additional  reduction  in  local  oscillator  radiation  (because  of  the  uni¬ 
directional  preampliAer  transmission).  ’The  advantages  of  the  superhetero¬ 
dyne  conAguration  in  terms  of  selectivity  an)  retained.  In  turn,  there  are 
iniroduetd  the  usual  potential  preampHner  prohUiTii  ulaCuised  Is  Eecticn  9.7.4 
in  connection  with  the  direct-detection  receivers— -the  generation  of  spurious 
signals  in  an  overdriven  preampliAer,  the  additional  system  complication,  a 
current  lack  of  entirely  suitable  electrcnlcelly  tuned  preampHAers,  etc. 

9.9  The  Microsweep  Superheterodyne 

An  extreme  extension  of  the  electronic  tuning  technique  exists  in  the  so- 
called  “microsweep"  superheterodyne.  These  receivers  take  advantage  of  the 
fast  sweep  rates — thousands  oi  megacycles  per  second  per  microsecond — 
that  are  possible  with  some  types  of  microwave  OKillatori.  (Such  tubes  are 
described  in  Chapter  26).  Otherwise,  the  basic  form  of  the  receiver  is  reason¬ 
ably  conventional. 
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9.9.1  The  BmIc  RMciver* 

With  submicroeecond  tw«ep  tines,  It  becomes  possible  to  seen  the  receiver 
In  frequency  at  a  rate  such  that  the  full  radio-frequency  ranp  assigned  to 
the  receiver  is  covered  in  the  time  duration  of  typical  radar  pulses.  The 
interespt  philosophy  Is  discussed  in  Section  9.5  as  the  case  where  t,  <  fw. 
In  short,  it  would  be  expected  that  some  enersy  from  each  radar  pulse  within 
the  range  covered — regardless  of  pulse  frequency— w.,uld  be  interct^oted,  and 
that  a  high  puise-by-puise  intercept  prt^bility  would  result.  The  high 
sweep  rate  may  require  even  wider  bandwidths  than  would  be  required  on 
the  basia  of  the  desired  resolution  capability  or  pulse  fidelity  of  the  reviver, 
so  th'<«  some  sacrifice  in  sensitivity  and  frequency  resolving  capability  is  to 
be  expe  'ed. 

By  eiU.  '"hing  a  standard  r-f  input  signal  level  (as  through  the  use  of  a 
broadband,  hi..  jv-'^ampUfler),  a  remarkable  resolution  can  be  developed 
— 0.5  percent  over  a  I;1  range  at  S-band,  for  example.  The  limiting  process 
sometimes  produces  spurious  responses  when  t/^s  llnilter  is  confronted  with 
simultaneous,  strong  pulses  on  several  radio  frequencies  (a  situation  pro¬ 
duced  by  several  types  of  multiple-frequency  radars). 

9.9.2  Tha  Compatible  Filter  Superheterodyne 

The  problems  associated  with  the  basic  microeweep  receiver  as  described 
have  led  to  the  development  of  somewhat  related  forms  of  receivers  still  In¬ 
volving  very  rapid  sweeping  techniques  and  high  intercept  probability  for 
many  signal  types  but  with  Important  divergences  in  concept.  This  basic 
technique  (for  a  German-made  early  suggestion  of  this  idea  see  Reference 
25;  see  also  Reference  26)  involves  first  mixing  the  r-f  signal  with  a  linearly 
sweeping  local  oscllUtor;  the  resultant  l-f  signal  varies  linearly  in  frequency 
with  time.  This  signal  is  then  fed  to  a  dispersive  filter  whose  transit  time  Is  a 
function  of  frequency — the  frequency  applied  first  (as  the  sweeping  frequency 
enters  the  filter  pauband)  must  experience  the  greatest  delay.  By  matching 
the  filter  delay  c^racteristics  to  the  sweep  rate,  the  i-f  component  energies  at 
the  output  tend  to  combine  at  a  particular  time  (hence  the  term  “time- 
compressing,”  which  is  often  used  to  describe  the  filter  properties).  The 
time  Bt  which  this  build-up  occurs  at  the  output  is  a  function  of  the  input 
frequency,  thus  allowing  ,t  measurement  of  r-f  frequency  via  a  time  measure¬ 
ment  (often  with  respect  to  the  start  of  the  local  oscillator  sweep). 

The  i-f  signal  in  this  type  of  receiver  is  sweeping  in  frequency.  Unlike 
most  received  signal  properties,  this  frequency  change  is  under  the  control 
of  the  receiver  designer  (through  control  of  the  iocal-cscilintor  frequency 
sweep).  By  designing  an  i-f  filter  having  characteristics  appropriate  to  this 

^ Early  work  in  this  fteld  U  described  in  Reksi^nre  24. 
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frequency  chiinge  (‘’compatible”) >  the  unique  properttee  of  the  receiver  ere 
realised. 

The  dispersive  filter  can  be  realised  in  either  a  cortinuous  (Reference 
2?)  cr  a  discretely  i^pntnted  form.*  In  one  discretely  segmented  type,  a 
number  of  convenUonal  filters  is  used  in  conjunction  with  appropriate  delay 
lines  as  shown  in  Figure  9^24,  The  several  passbands  are  selected  so  that  in 


Fiovss  9-24  Conpetlbls  fllUr  luperbcttrodyM. 

[uirallel  combination,  a  contiguous  frequency  coverage  is  provided  across  a 
total  i-f  bandwidth  much  wider  than  the  incremental  bandwidth  of  any  one 
filter  channel  alone.  The  sweeping  action  of  the  single  iocal-oacillator 
signal  fu  is  such  that  the  changin^g  difference  frequency  Jut  produced  by  the 
local-osclllatcr  energy  in  ccmblnation  with  a  given  fisted  frequency  signal  /,.r 
is  transmitted  successively  by  the  several  filters. 

The  filters,  in  turn,  feed  time-delay  circuits  having:  tailored  characteristics 
(determined  by  sweep  rate)  such  that  oil  delayed  outputs  arrive  almuitane- 
ously  at  a  combining  point.  The  output  signal  of  the  channel  first  excited  is 
delayed  the  longest,  etc.  The  time  of  the  peak  of  a  response  with  respect  to 
the  initiation  of  the  frequency  sweep  is  a  measure  of  the  radio  frequency  of 
the  lignal  producing  the  response.  Depending  on  the  combining  method 
(addition,  multiplication,  etc.)  certain  (jerformance  advantages  can  be 
emphasised.  A  total  resolution  substantially  better  than  the  bandwidth  of  a 
single  i-f  amplifier  channel  can  be  product.  In  the  case  of  envelope  multi¬ 
plication,  the  combined  output  signal  (In  terms  of  resolution)  of  h  channels 
is  comparable  to  that  generated  by  an  amplifier  of  n  synchronously  tuned 
stages  each  having  the  bandwidth  of  a  single  channel.  More  generally,  the 
limit  of  resolution  is  that  determined  by  the  impulse  response  (time  buildup) 
appre^riats  to  the  total  input  signal  energy  iuindwidth  accepted  by  the 
several  filters  collectively,  which  in  turn  is  related  to  a  frequency  resolution 
in  terms  of  the  sweep  rate  of  the  iocsl  osclliatcr. 

*A  dlucuiiton  of  varloui  mllxstloni  of  both  forms  of  filter  may  b«  found  in  W.  D. 
White,  patent  #2,882,395  dated  April  14,  1959. 
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n  th«  tSgiiiU  UnM-duntioD  it  lufflctent  to  allow  the  successive  excitation  of 
re^onses  in  all  channels,  the  subsequent  addition  of  Ignal  outputs  Is  made 
on  sn  intsfratlng  basis  more  favorable  than  that  controUine  combining 
of  the  random  noise  powers  of  the  several  chann*ls;  the  result  is  a  aignal-to- 
noise  ratio  enhancement.  (The  resulting  sensItK.i/  can  be  as  good  as  that 
developed  in  a  fixed-tuned  receiver  of  comparable  retoluMu:  Mid  noise  figure 
develop  through  normal  design  practices.)  Finally,  some  discrimination 
against  image  and  murious  responses  results  from  this  circuit  form  since  only 
the  c''  ""  tions  from  a  real  signal  add  correctly  (in  time)  at  tha  combining 

point  w  .  .oduce  a  recognisable  response;  relative  channel  delay  times  are 
incorrect  for  the  additions  of  most  spurious  signals. 


9.9.8  Th«  Ratio-Sweep  Receiver 

An  interesting  member  of  the  fast-sweeping  receiver  group  is  described 
as  the  ratio-sweep  receiver  (Reference  ?S).  In  contract  to  the  one  local 
oscillator,  multipIe-ampUfier-channel  configuration  of  the  “compatible  filter*’ 
receiver,  this  device  employs  multiple  local  oscillators  but  with  only  one  l-f 
amplifier  channel  per  local  oicilietor.  All  such  amphners  are  identical  as  to 
bandpasa  characteristia. 

In  simplified  form,  two  local  oscillators,'  triggered  from  a  commor.  start¬ 
ing  point,  are  swept  at  different  rates  across  the  hand  to  be  monitored  (Fig¬ 
ure  9-25).  I'he  responses  developed  by  a  given  fixed  frequency  signal  are 
then  generated  at  dilYerent  times  in  the  separate  i-t  amplifier  channels  with 
the  time  difference  (fi  —  ti  in  Figure  9-25)  a  measure  of  signal  fre¬ 
quency. 

A  particularly  useful  elaboration  makes  use  of  making  matrixes  of  mixed- 
base  congruent  numbers  to  solve  some  important  practical  problems  that 
arise  in  assuring  a  useful  frequency  resolving  power.  Each  iocal  osciiiator 


FtaURK  9-25  Simplt  "ntio  iweep”  rt> 
ctivtr,  A  liiMl  (/•)  prsducit  a  r«- 
iponM  In  tha  two  i-f  channali  auociated 
with  tha  two  local  OKlIlatort.  The  time 
difference  ~  li,  It  related  to 


ft’iqwtfMy  rtrift  i) 


Figure  9-36  Ratio  sweop  rtcttvir  em- 
ployins  two  mU  of  local  o»clllator  sig¬ 
nals  with  the  total  bandt  D,  covered 
by  to  and  U  componentSi  respectively, 
llie  time  difference  of  the  response 
uniquely  meaiurei  /•«  The  OKillatori 
sweep  a  range  P/iO  and  P/itt  re¬ 
spectively. 
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•igna!  I«  replaced  by  a  get  of  uniformly  spaced  local  otcillator  signals  swept 
in  coincidence.  A  group  is  produced  by  modulating  a  given  high*Ievel  otcil* 
lator  signal  so  as  to  generate,  vis  sidebands,  the  set  of  equally  spaced  com¬ 
ponents  in  a  “comb”  arrangemen'M  The  number  of  components  used  defines 
the  number  of  elemental  “states”  in  the  system.  A  single  l*f  amplifler  is 
associated  with  each  group. 

In  practice,  several  groups  of  local  oscillator  signals  are  swept  simultane* 
nusly  (and  rapidly)  through  the  frequency  limits  necessary  to  monitor  a 
given  r-f  range.  For  example,  two  groups  might  be  used  (Figure  9-26); 
there  would  then  be  a  total  of  two  associated  “i-f”  amplifiers.  The  number 
(base)  of  local  oscillator  signals  per  group  would  differ,  Their  frequency 
spaclngs  and  sweep  limits,  too,  xvould  differ  such  that  the  total  assigned  r-f 
band,  D,  would  be  covered  by  each  group.  Thus,  if  the  number  of  local  oscil¬ 
lator  signals  per  group  were  m  and  n,  their  spacingi  would  be  Djm  and 
Djn  respectively  (which  would  also  define  sweep  limits)  and  sweep  rates 
would  be  adjusted  for  equal  time  coverage  by  the  groups  of  the  total  band 
D,  Beyond  this,  there  is  an  optimum  selection  of  m  and  n  to  optimise  the  fre¬ 
quency  resolution.  The  total  number  of  elemental  states  is  the  sum  of  th? 
bases  (m  -f  n)  while  the  resolution  is  related  to  the  product  of  the  bases 
(w  X  «). 

Note  that  because  tho  several  spaced  local  oscillator  signals  are  swept 
In  a  group,  the  total  r-f  range  covered  Is  m  (or  n)  times  the  local  oscillator 
frequency  spacing  (If  there  arc  m  or  a  such  signals),  i.e.,  the  necessary 
extent  of  the  frequency  sweep  per  local  oscillator  is  greatly  reduced  for  a 
given  r-f  range.  For  example,  two  groups  might  bo  used  (Figure  9-26); 
given  total  frequency  coverage  If  the  number  of  local  oscillator  signals  per 
group  Is  moderately  large.  This  has  Important  benefits  in  allowing  favorable 
reductions  in  primary  local  oscillator  sweep  time  and  in  sweep  voltage  ampli¬ 
tudes  without  adversely  afTecting  the  inspection  time  (dwell  time)  and 
resolution  for  a  given  signal. 

9.10  Miscellaneous  Receivers 

9.10.1  Instantaneous  Frequency  Indicators 

The  non-scanning,  multiple-channel  receivers  described  In  Section  9.7.5 
are  a  form  of  instantaneous  frequency  Indicator.  They  are  always  sensitive 
to  signals  anywhere  in  the  band  to  be  monitored;  they  have  selectivity  and 
resolution  to  a  degree  set  by  the  individual  channel  characteristics.  The 
resolution  Is  on  a  quantized  basis  and  there  is  no  additional  direct  resolution 
within  a  channel  width  (as  in  the  case  of  the  fast-sweeping  receivers  of 
Sections  9.9.2  and  9.9.3).  There  are  u  number  of  receiver  !ypes  which  seek 
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Um  virtues  in  intercept  probebillty  of  continuous  (non-Kan)  monitorins 
but  with  a  continuous  (rather  than  quantised)  resolution  in  frequency 
developed  with  the  aid  of  a  dispersive  circuit  element.  The  term  “non-Kan 
^)ectrum  analyser”  is  Kmetintes  applied  to  these  devices. 

All  employ  some  frequency-wnsitive  elemernt  (other  than  the  classic  fixed- 
frequency  tuned  ciii'uit)  which  generates  a  frequency-related  variation  in 
output  amplitude  or  phoM  or  transit  time.  For  example,  the  frequency  Mnii- 
tive  standing  wave  pattern  established  in  a  deill^rately  mismatched  r-f 
transmission  line  (or  waveguide)  can  be  sampled  k  as  to  determine  fre¬ 
quency  via  the  calibrated  ratio  of  pattern  amplitudee  at  the  Axed  sampling 
points  (Reference  39). 

In  another  form,  thtv  incoming  r-f  signai  is  divided  between  two  transmis¬ 
sion  channels,  one  containing  a  frequency-Knsitive  attenuator,  the  second 
providing  a  constant  loss  across  the  band  (Reference  30).  Again,  the  ratio 
of  the  detected  amplitudes  of  the  signals  in  the  two  channels  can  be  used  as 
a  measure  of  frequency  (Figure  9-27). 

There  are  important  problems  common  to  these  devices.  Ihe  frequency 
determination  involves  an  amplitude  meuurement  m  accuracy  tends  to  be 
sensitive  to  amplitude  variations  in  incoming  signal  level;  however,  broad¬ 
band,  amplitude-limiting  r-f  preampliAers  (available  through  TWT  tech¬ 
niques)  offer  an  important  awlstance.  The  data  are  conveniently  reed  out 
on  visual  displays  but  the  dIrKt  output  data  ordinarily  are  not  in  an  opti¬ 
mum  form  for  automatic  machine  handling,  Kme  additional  proceuing  is 
required.  The  systems  usually  are  in  dIfAculty  if  more  than  one  signal  fre¬ 
quency  is  present  simultaneously.  Measurement  accuracy  is  usually  depend¬ 
ent  on  maintenance  of  “balance”  in  characteristics  of  two  or  more  channels, 
r-f,  or  video.  This  impoKs  Kvere  problems  on  circuits  and  components  in 
the  face  of  variations  in  signal  levels,  temperature,  component  aging,  etc. 

A  novel  answer  to  the  dynamic  range  and  channel  amplitude  balance 
problems  lies  in  the  um  of  a  transmission  element  having  a  time  delay  which 
is  frequency  sensitive  (a  waveguide  operated  in  the  near  cutoff  region,  for 
example).  If  a  transmission  time  comparison  is  made  of  samples  of  a  signal 
sent  through  channels  having  transmts  \  time  characteristics  respectively 
constant  with  frequency  and  frequency  (K'nsltive,  a  measure  of  frequency 
can  be  obtained.  The  time  comparison  can  be  baMd  on  an  r-f  phase  measure¬ 
ment.  However,  one  particularly  interesting  form  of  receiver  measures  the 
envelope  delay  of  a  high  frequency  (perhaps  50  megacycles)  modulation 
superimposed  on  the  r-f  signal  (Reference  31). 

As  a  general  rule,  all  of  these  receivers  trade  a  signlAcant  loss  in  Knsltlvity 
for  the  unique  frequency  resolving  and  continuous  monitoring  properties. 
Broadband  r-f  preampliAers  offer  an  important  remedy  (except  for  the  |>en- 
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Alty  to  lyitem  tlc^licity),  and  their  um  reiulU  in  practical  tentUivUlN  con* 
■iitent  rith  the  preampliftcr  solu  figures  and  effective  bandwidthi  of  the 
total  sysUm. 

9.10sS  Suporregsae  .'Stive  Reeeirejre 

The  superregenerath'o  principle  has  been  applied  with  moderate  succees 
In  specialised  microwave  receiver  applications  (pages  S4S-S79  of  Reference 
1).  The  possibility  of  developing  very  large  r-f  gain  In  a  regenerative  stage 
is  always  attractive — particularly  at  microwave  frequencies.  Unfortunately, 
the  generally  poor  stability  and  the  critical  adjustment  identified  with  super* 
regenerative  circuits  work  against  any  general  usage;  problems  are  emphas* 
ixed  if  the  receiver  must  be  easily  tuned.  The  advent  of  new  components 
offers  promise  of  better  performance  (References  32  and  33). 

There  appears  to  be  an  interesting  involvement  of  the  superregenerative 
principle  with  the  parametric  preamplifier  for  receiver  use.  lliere  can  be  an 
apparent  enhancement  of  acceptance  bandwidth  brought  about  by  a  com* 
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bliMd  AM-FM  (iweeplng)  action  resulting  from  a  Mgh  “quench”  frequency. 
There  has  been  reported  (Reference  j4)  a  superregenentive  parametrk  L- 
band  amplifier  with  a  “quench”  frequency  of  0.25  megacycle,  an  r-f  accept¬ 
ance  bandwidth  of  2  megacyclee,  and  a  noise  figure  of  1  decibel.  This  unit  bad 
a  stable  gain  of  56  decibels  and  an  equivalent  video  (or  information)  band¬ 
width  on  the  order  of  0.25  megacycle.  By  taking  full  advantage  of  integra¬ 
tion,  the  pulsed  signal  sensitivity  was  better  Utan  ~!!4  dbm.  Stable  gains 
as  high  as  80  decibels  have  been  attained,  with  a  corresponding  reduction  in 
bandwidths. 

9.11  Special  Coetpononts  and  Circuits 

Countermeasures  receiver  designs  furnish  Interesting  examples  of  tlu 
dependency  for  advancee  In  intercept  receiver  technology  on  new  components 
and  new  circuits.  In  the  recent  past,  the  advents  of  TWTs  and  distributed 
r-f  amplifiers  have  been  reflected  In  new  receiver  abilities.  So,  too,  have  the 
developments  in  local  oscillators — the  voltage-tuned  magnetron,  carcinotrons, 
backward-wave  oscillators,  stc.,  have  found  immediate  applications  in  the 
microwave  ranges.  There  have  been  comparable  influences  at  lower  fre¬ 
quencies  resulting  from  the  introduction  of  volugc-and-current-sensitive 
capacitors  and  inductors.  Ferrites  have  brought  new  abilities  In  isolatorc, 
m^ulators,  shoppers,  etc.  There  are  new  forma  of  antennas,  transmission 
systems,  wavegul^s,  solid-state  components,  et  c. 

A  major  profit  can  be  anticipated  from  the  utillaation  of  such  new  devices, 
but  there  are  usually  both  advantage!  and  disadx'anta’ies  which  .end  to  limit 
broad  usage.  Thus,  the  maser  has  a  valuable  application  in  certain  fields; 
but  the  limited  r-f  bandwidths  and  the  current  practice!  complications  in 
usage  argue  against  a  genera!  intercept  receiver  utility— particularly  when 
the  extreme  low-noise  properties  may  be  lost  in  the  presence  of  other  im¬ 
portant  system  noise  eourcei  (Reference  35).  The  parametric  amplifier  offers 
great  promise;  it  still  has  strong  competition  from  the  low-noise  TWT  when 
the  latter’s  wide  bandwidth,  nonreciprocal  transmission  characteristics,  and 
ease  of  utilisation  ere  considered.  Nor  does  the  parametric  amplifier  cur¬ 
rently  enjoy  an  important  noise-figure  advantage  in  the  high  microrave 
range.  Its  basic  simplicity  is  partially  offset  by  the  need  for  a  “pump”— cur¬ 
rently  a  vacuum  tute.  So  each  new  device  must  be  carefully  evaluated.  Each 
can  be  anticipated  to  affect  countermeasures  receiver  design  to  a  degree,  and 
it  is  important  In  reviewing  countermeasure  receivers  to  consider,  as  we!!,  the 
current  information  on  new  component  developments. 

While  the  receiver  design  dependency  on  new  components  is  obvious, 
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there  ii  en  important  reaction  in  the  reverie  direction.  Certain  important 
development!  in  circuit!  and  component!,  in  turn,  are  traceable  in  part  to 
work  initiated  by  the  needs  of  countermeasures  receivers.  These  needs,  for 
example,  account  for  a  particular  attention  to  certain  broadband,  low-noise 
characteristics  in  i-f  ampUAers,  and  to  unusual  i-f  ampliAer  response  and 
gain  characteristics.  The  same  is  true  in  video  ampiiAers;  direct-detection 
receivers  in  p.'irticular  Impose  stringent  requirements  on  low-noise  features, 
logarithmic  characteristics,  “square-root"  response,  etc.  Both  slow  and 
instantaneous  age  circuitry  Is  often  important.  The  success  of  several  re¬ 
ceiver  techniques  is  dependent  on  the  availability  of  effective,  broadband 
r-f  liiniters.  Choppers  and  pulse  stretchers  have  required  particular  atten¬ 
tion  ;  and  the  peculiar  needs  in  direct  detectors  and  in  mixera  have  generated 
related  research  and  development  utilizing  a  wide  variety  of  nonlinear  de¬ 
vices.  This  Interrelationship  is  emphasized  by  the  frequent  references  in  this 
chapter  to  the  material  on  special  circuits  and  components.  Chapters  24 
through  28. 


C  12  Some  Miaoclianeous  Factors  Affocting  Intercept  Receiver  De- 

•Jfns 

This  chapter  has  been  largely  concerned  with  receiver  deaign  problems 
generated  by  the  unique  natures  of  some  of  the  tasks  of  an  Intercept  receiver. 
The  resultant  requirements  imposed  on  sensitivity,  selectivity,  dynamic 
range,  etc.,  have  been  emphasized.  There  are  additional  operational  factors, 
no  less  important  on  some  occasions,  that  require  the  introduction  of  unuiual 
receiver  features  or  of  unusual  methods  of  operational  employment.  While 
there  are  many  examples,  only  a  few  repreientative  types  will  be  mentioned 
here.  These  problems  are  not  unique  to  any  one  receiver  type.  However,  some 
receiver  types  are  better  equipped,  fundumentally,  to  deal  with  some  of  the 


problems. 

A  factor  which  plagues  the  optimum  utilization  of  an  Intercept  receiver 
ii  the  lack  of  knowledge  of  the  precise  nature  of  the  ilgnal  to  be  intercepted. 
Optimization  of  bandwidths  and  sweep  rates,  the  utilization  of  integration 
techniques,  etc.,  are  largely  ruled  out  unless  a  particular  signal  of  known 
characteristics  is  to  be  sought.  It  is  more  likely  that  the  receiver  musit  be 
prepared  to  handle  a  variety  of  signal  types.  The  "variety"  may  be  repre¬ 
sented  by  much  more  than  small  variations  in  the  “standard"  parameters 
(pulsewidth,  prf,  etc.)  of  a  given  emitter;  it  nay  well  include  large  changes 
in  r-f,  prf,  poiarizatiori,  etc.,  as  well  as  contrasting  modulation  types — c-w 
signals,  FM  signals,  coded  pulse  groups,  .SSB,  etc.  This  has  led  to  the  de¬ 
velopment  of  subcircuits  for  alternate  functions — choice!  in  detectors,  ampii¬ 
Aers,  etc. — to  be  utilized  .simultaneously  in  parallel  or  to  be  inserted  into  a 


THE  INTERCEFr  RECEIVER 


9-73 


receiver  on  a  module  exchange  baali  in  accordance  with  aotne  current  opera¬ 
tional  intent,  It  i:  sometimea  pouible  to  equip  a  receiver  with  ''niy  a 
moderate  additional  circuit  compHcaiion  which  purchtaet  a  subatantially 
improved  ability  to  handle  limulteneoualy  lome  aharply  contraiting  eigna! 
(ornu. 

9.12.1  C-WRe«epUon 

Simultaneous  reception  of  pulte  and  c-w  signals  provides  an  example  of 
the  above  concept,  A  conventional  pulse  receiver  can  be  provided  with  an 
enhanced  sensitivity  to  c-ir  rignals  through  the  addition  of  a  conventional 
“chopper”  (to  modulate  the  c-w  signals  with  the  chopper  frequency)  plus  a 
narrow-band  postdetection  amplifier  centered  at  the  chopper  frequency.  Note 
that  it  is  highly  desirable  that  the  chopper  be  introduced  into  the  receiver 
circuitry  at  a  point  such  that  the  c-w  signals  are  modulated  (chopped)  but 
the  pr^omlnant  noise  is  not.  Otherwise,  both  signals  and  noise  will  be 
characterised  by  the  chopping  action  and  the  ability  of  the  narrow,  postdetec¬ 
tion  amplifier  to  discriminate  against  the  noise  will  be  seriously  penalised. 
This  circunutance  is  not  unique  to  intercept  receivers.  The  enhancement  of 
c-w  reception  comes  through  the  reduction  in  noise  bought  by  the  band¬ 
width  constriction  in  the  narrow-band  postdetection  “c-w  channel”;  the  c-w 
signal-to-noioe  ratio  is  consequently  improved.  The  c-w  channel  width  can 
be  very  narrow— a  few  cycles,  perhaps.  The  signal-to-nolse  ratio  improves 
with  narrower  values;  the  response  time  is  lengthened  thereby  (the  data  rate 
is  reduced).  An  Important  limit  to  the  channel  narrowing  is  set  in  scanning 
receivers  since  the  tuning  action  causes  short  “samples”  of  tlv  chopped  c-w 
signal  to  be  delivered  to  the  postdetection  circuitry.  This  is  discussed  beiow. 
There  is  a  small  penalty  to  pulse  signal  reception  resulting  from  the  periodic 
loss  of  signal  from  the  chopping  action;  for  that  reason,  the  c-w  reception 
feature  is  usually  made  optional. 

It  is  interesting  to  note  that  if  the  rectiver  is  operated  on  a  constant  repe¬ 
titive  frequency-scan  basis,  a  single  postdetection  “narrow  channel”  band¬ 
width  value  (/S')  can  be  selected  to  optimise  c-w  reception  In  accordance 
with  the  "on-frequcncy"  time  increment  as  set  by  scan-rate  and  the  prede¬ 
tection  bandwidth  a.  Ihat  time  interval  fixes  the  duration  in  the  postdetec- 
tlon  circuitry  of  the  c-w  signal  response  per  receiver  scan.  In  a  receiver 
intended  for  both  pulse  and  c-w  signal  detection,  the  predetection  bandwidth 
selection  a  (lor  example,  the  i-f  amplifler  acceptance  bandwidth)  can  be 
based  purely  on  the  needs  for  pulse  reception  and  a  second,  standard  post- 
detection  ampHAer  (of  bandwidth  fi)  lor  pulse  signals  can  be  paralleled  with 
the  narrow  (/S')  ampliAer.  The  available  receiver  bandwidth  combi.nutions 
(using  the  single  predetection  bandwidtii)  can  then  be  made  optimum  for 
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both  c-w  and  puli«  cigntli.  TIIm  predetection  bandwidth  could  be  narrowed 
in  the  expectation  of  increuing  •ignaI*to*nol8a  ratio  (or  c-w  aifnals;  but  thii 
“advantage”  would  be  ofTiet  in  a  scanning  receiver  by  a  necessary  widening 
of  the  c-w  channel  poitdetectlon  bandwidth  (/?')  aa  required  to  accontnio- 
date  the  now  ahorter  (In  time)  c-w  aignali  delivered  to  the  poitdetectlon 
circuitry.  Thla  is  in  accordance  with  the  expreiaion  for  effective  nolle  band¬ 
width,  Eq  (9-10). 

9.12.2  Intcirecpi  of  *‘Vcr£iibla-Fa^uensy**  Rcdcrs 

TIte  manner  In  which  the  radio  frequency  of  an  intercepted  aiinal  is 
handled  is  a  matter  of  major  importance  In  the  design  and  evaluation  of  an 
intercept  receiver.  This  Importance  is  based  not  only  on  historical  precedent, 
but  the  evident  fact  that  whatever  r-f  processes  are  to  be  accomplished  in  the 
receiver  must  be  carried  out  before  envelope  detection — in  the  front  end  of 
the  equipment.  Selection  of  appropriate  video  processes,  in  turn,  must  be 
compatible  with  the  r-f  design  of  the  receiver.  This  criterion  has  been  used 
as  the  primary  basia  for  classifying  h  wide  variety  of  receiver  typee  in  this 
chapter. 

Thus,  a  fundamental  receiver  concern  arises  with  the  present  trend  toward 
radars  capable  of  operating  on  more  than  one  frequency.  In  some  such 
radars,  changes  In  transmitted  frequency  can  be  made  only  over  narrow 
limits  at  rates  ranging  from  seconds  to  hours,  These  systems  would  pose 
only  moderate  problems  for  any  of  the  frequency-scanning  receivers  de¬ 
scribed  in  this  chapter.  However,  radars  do  exist  which  can  vary  their 
transmitted  frequency  (on  a  programmed  or  random  bails)  over  wide 
ranges — in  some  cases  during  an  interpulse  Interval.  Other  radars  emit 
several  pulses  on  different  frequencies  simultaneously  or  In  a  short  burst  of 
pulses  on  different  frequencies.  Such  signals  cannot  usually  be  handled  ade¬ 
quately — in  terms  of  collecting  sufficient  Information  for  analysis — by  any 
of  the  scanning  receiver  types  that  have  been  discussed.  The  main  difficulty 
is  the  inability  to  attain  a  r  esonable  probability  of  intercepting  a  sufficient 
number  of  consecutive  (or  simultaneous)  pulses,  which  occur  at  different 
frequencies.  A  wide-open  receiver,  on  the  other  hand,  could  be  expected  to 
intercept  all  of  the  pulses,  although  the  collected  data  would  provide  no  clue 
as  to  the  unusual  nature  of  the  transmitter  frequency  characteristics. 

Some  question  could  well  Ijc  raised  as  to  the  signiftcance  of  measuring  the 
frequency  of  a  variable-frequency  emitter,  especially  in  the  caae  of  random 
changes.  However,  even  though  accurate  frequency  measurements  were  not 
deemed  necessary,  there  remain  certain  questions  to  be  answered;  Is  the  fre¬ 
quency  being  varied?  At  what  rate?  Over  what  limits?  Is  the  variation  pro¬ 
grammed  or  random? 
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FortuMtely,  Kpproprtate  combinations  of  conventional  techniques  and 
speciai  circuits  have  bm  devised  which  do  a  remarhal^  job  of  intercepting 
and  tagging  data  from  many  of  the  existing  variable-frequency  signals.  As 
other  radar  types  are  dr/elo^,  it  wiii  inevitably  be  necessary  to  devise  new 
special  circuits  to  handle  them. 

jJ«spite  the  trend  toward  frequency  variations  in  many  of  the  newer  radars, 
the  bulk  of  the  signals  of  interest  to  intercept  receivers  are  of  the  single- 
frequency  type — and  thus  amenable  to  the  techniques  described  in  this  chap¬ 
ter. 

9.12.8  Other  Signal  HaoofniUoa  Problenaa 

Besides  tire  variable-frequency  capability,  there  are  many  other  “unusual” 
radars  whose  characteristics  require  special  recover  techniques  or  circuit 
combinations  for  adequate  intercept,  identiftcation,  and  detailed  analysis.  A 
few  examples  are  cited  below.  Pulses  may  be  trarumitted  in  coded  groupe. 
Pulse  repetition  frequency  may  be  programnted  or  randomised  over  wide 
limits.  Complex  scan  modulations  can  be  empio;/ed.  Coding  filters  can  be 
used  to  modulate  the  radar  carrier  frequency  so  that  the  transm.itted  signal 
has  a  “noise-like”  a|;^>eitrancc  during  the  pulse  vmless  it  is  fed  through  a 
suitable  decoding  Alter.  No  list  of  such  characteristics  would  remain  ccm> 
picte  for  very  iong  since  new  radar  techniquea  are  continually  under  develop¬ 
ment;  combinations  of  such  characteristics  are  also  possible  in  a  given  emit¬ 
ter.  These  increases  in  radar  complexity  require  corresponding  sophistications 
in  Intercept  receivers  that  must  operate  In  an  environment  containing  these 
signals.  Theire  is  evidence  that  development  of  succeuful  receiver  techniques 
can  keep  pace  with  the  develcp'.nent  of  exotic  characteristics  in  new  radars. 
The  point  her^  is  that  such  tasks  exert  important  influences  in  intercept  re¬ 
ceiver  design. 

9.12.4  Receiver  ^Look  Through’* 

In  some  circumstances,  an  Intercept  receiver  is  called  upon  to  operate  in 
the  presence  of  emissions — usually  from  a  friendly  radar  or  jamming  signal 
— that  are  not  of  interest  in  the  ELINT  collection  task  but  which  can  de¬ 
grade  the  performance  of  the  equipment.  The  final  ability  to  recognise  a 
desired  signal — to  look-through — is  set  by  a  signal-to-nolse  ratio,  where  the 
noise  in  this  case  is  not  ascribable  to  the  receiver  itself,  or  even  to  natural 
causes. 

If  no  control  over  the  trr.rjmitter  can  be  exercised,  some  improveme.tt 
can  often  be  derived  by  optimising  the  signal-to-noise  ratio  through  utilisa¬ 
tion  of  the  most  favorable  (discriminatory)  antenna  patterns.  For  noise 
jamming  signals,  there  is  often  little  else  t^n  can  be  done,  since  the  noise 
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discrimlMtlon  technique  decrfbed  in  connection  with  c-w  ilgnul  rec^tion 
(Section  9.12.1)  sre  not  epplicnble  here.  The  noise  is  developed  external  to 
the  receiver;  it  arrives  as  a  separate  nisnal,  and  the  modulation  (chopping) 
process  characterises  signals  and  noise  alike  so  that  a  subsequent  selection 
of  ths  signal  is  not  aided. 

^n  the  radar  (low  duty-cycle)  interference  case,  a  special  receiver  trained 
particularly  on  the  offending  signal  can  sometimes  be  used  to  gate  off  the 
collection  receiver  during  the  moments  of  Interference.  The  gating  can  be 
on  a  signal  amplitude  basis  or  on  a  signal  coincidence  basis. 

Occasicnally,  frequency  elimination  filters  are  useful  in  interference 
reduction. 

There  are  other  techniques  that  can  be  employed  when  there  is  some  op- 
poitunlty  to  operate  in  cooperation  with  the  undesIred  tranimisilon.  For  a 
Jamming  noise  source,  a  synchronised  time-gating  process  is  sometimes  used 
such  that  the  receiver  is  gated  on  for  short  (fractional-second)  intervals, 
perhaps  randomly  spaced  In  time  and  duration,  during  which  the  noise  source 
is  gated  off.  The  duty-cycle  of  the  receiver  (the  on  time)  is  low  but  it  usually 
Is  sufficient  for  the  short  Inspections  of  the  signal  environment  necessary 
during  a  Jamming  operation.* 

A  somewhat  ralated  process  can  be  utilized  when  the  receiver  suffers  Inter¬ 
ference  from  a  co<^rating  radar.  The  receiver  la  gated  ofi'  momentarily  at 
the  Instant  of  the  radar  transmission  by  a  synchronised  blanking  pre-pulse 
delivered  from  the  radar  to  the  receiver,  perhaps  by  video  cable.t  in  this 
case,  there  is  little  penalty  to  receiver  duty-cycle. 

More  sophisticated  techniques  have  been  propoced  and  sometimes  em¬ 
ployed  with  moderate  succeu.  Fortunately,  the  antenna  diKrimlnation  tech¬ 
nique  is  often  of  major  benefit  when  patterns  can  be  arranged  appropriately 
(as  may  be  possible  in  a  joint  Jammer-receiver  installation  in  an  aircraft, 
for  example).  If  a  noise  Jamming  source  is  some  distance  away,  there  may 
be  relatively  little  difficulty.  In  fact,  the  desired  detection  of  noise  Jamming 
elgnals  can  present  major  intercept  problems  when  standard  receivers  with 
low  receiving  antenna  gains  are  employed. 

*Th«  duty-cycki  muit  b«  low  ilnct  spprecUbIt  time  gspi  In  tht  Jsmmini  would  re- 
duei  Jamming  eiUKtlvtmiM. 

tThli  k  tht  "Inttrlervnce  blanking"  ttchniqua  common  to  rsdsr  optrstloa 
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10.1  Hlfilorlcal  DAt«  and  Gmeral  Principle  I 

I 

iG.i.1  introdnetloe 

Th«  locktion  of  »  radio-frequency  lource,  whether  it  be  a  radar,  a  com¬ 
munication  tranimitter,  or  a  navigational  aid,  ii  of  importance  to  the  deter¬ 
mination  of  the  enemy's  strategy. 

The  activity  in  certain  geograpt<"'tl  areas  may  indicate  an  elaborate 
preparation  under  way;  the  actiwlt  a  single  source  at  sea  may  Indicate 
the  location  of  a  submarine;  and  esolutlon  of  a  number  of  signal  sources, 
synchronised  to  a  common  signal,  amy  Indicate  a  new  air-defense  function 
of  extreme  importance  to  our  strategic  Itomblng  plans. 

The  determination  of  the  geographic  location  of  a  signal  source  is  in  most 
cases  accomplished  by  determining  the  interMctlon  of  the  lines  of  direction 
from  two  or  more  spatially  separating  receiving  points.  Special  cases  not  | 

Included  in  this  general  category  will  be  discussed  later. 

Figure  10-1  indicates  the  elementary  direction-finding  procedure.  The 
operator  at  a  direction-Andlng  installadcn  A  determines  the  position  of  a 
transmitter  to  be  on  a  line  degrees  with  respect  to  North;  this  angle 

is  known  as  the  bearing  of  the  signal  source  with  respect  to  the  receiver. 

If,  now,  a  aecond  direction-flndlng  station  located  at  position  B  determines 
a  line  of  direction  BB'  at  a  bearing  to  the  signal  source,  the  intersection 
D  of  the  lines  A  A'  and  BB'  locatee  the  position  of  the  signal  source. 
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Fiourk  10-1.  Location  of  a  ilgnal  lourcc  D  by  direction  findan  A  and  B. 

The  Accuritcy  with  which  s,  bsftring  ctn  be  obtained  is  influenced  by  three 
main  faetore: 

(1)  The  accuracy  of  the  direction-finding  Initrumentation  including  local 
lite  errom. 

(2)  The  inaccuraciee  introduced  by  extraneoui  lignale  and  noiee  lources 
whote  direction  of  arrival  it  different  from  the  deiired  eignal  and 
which  are  not  eeparable  by  the  direction-finding  apparatui. 

(3)  The  introduction  of  errors  due  to  propagation  anomalies,  and  the 
superposition  of  either  discrete  or  diffuse  images  of  the  signal  source 
thus  produced  at  the  observation  point,  which  have  other  apparent 
directions  of  arrival  than  the  original  signal. 

Methods  reducing  the  errors  from  these  various  sources  will  be  described 
later. 

10.1.2  llistoHcal  Review 

Prior  to  1893,  Herts  utilised,  in  his  early  experimeni^,  cylindrical  para¬ 
bolic  mirrors  to  focus  and  concentrate  energy  from  a  transmitter.  His  early 
tests  used  a  frequency  of  about  200  Me.  Directivity  wu  also  used  by  Mar¬ 
coni  before  the  turn  of  the  century  to  increase  the  range  of  his  transmis¬ 
sions.  In  his  tests,  copper  paraboilc  mirrors  were  used  to  increase  the  range 
to  2  miles. 

Since  radio  communication,  because  of  the  greater  ranges  possible,  pro¬ 
gressed  rapidly  to  the  hf  range  by  1900,  the  mirror  te^nlques  were  no 
longer  practical  and  J.  Zenneck  at  about  that  time  introduced  simple  direc¬ 
tors  and  reflector  wires,  not  simultaneously,  but  singly,  at  a  little  more 
than  A/4  to  increase  the  r.rnge  and  to  separate  interfering  signaia. 

The  simple  limacon  patterns  of  Zenneck  progressed  to  large  spacing!  of 
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A/3  apart  In  tha  codfigurationa  of  S.  G.  Broun,  A.  Blondel,  and  J.  Stone. 
Stone,  In  1903,  prtqioiied  to  physically  rotate  the  array  of  Figure  10-3  to 
determine  the  direction  of  arrival  of  the  wave.  This  wili  be  recognised  as  one 
pair  of  an  Adcock  array. 

Bellini  and  Toil  then  followed  by  tilting  the  top  of  the  vertical  ntembers 
of  Figure  10-3  so  as  to  facilitate  the  support  by  a  common  mast,  and  by 
Introducing  a  phase  shift  in  each  element,  as  in  Figure  10-3,  were  able  to 


Fio.  10-2.  Thf  ilmple  dlrtcUoiwI  irny  Fio.  10°2.  The  incIlMd-psIr,  ilnils- 

(Brown,  Blonde!,  and  Stone).  matt  array  of  Balllnl  and  Toil. 


reduce  the  spacing  and  yet  obtain  a  null  for  &  direction  of  arrival  in  the 
plane  of  the  vertical  elements.  Then,  in  order  to  avoid  the  necessity  for 
rotating  the  array,  Uiey  provided  a  second  array  at  right  angles  to  the  first 
and,  by  means  of  quadrature  colls  pissed  outside  of  a  single  rotating  coil, 
also  suggested  by  Artom,  were  able  to  sequentially  sample  the  signal  being 
picked  up  by  each  antenna  pair.  The  device  for  sampling  the  antennas 
sequentially  is  called  a  goniometer.  Such  a  device  ia  shown  schematically  in 
Figure  10-4,  the  moving  coil  being  connected  to  the  receiver. 

The  Bellini  and  To.sl  system  proved  quite 
successful  In  both  transmitting  and  receiving 
systems  in  an  Installation  at  Boulogne  where 
ranges  of  1500  km  were  obtained  with  500 
watts  of  power  at  10  Me. 

The  next  obvious  Improvement  was  the  use 
by  Zenneck  of  an  omnidirectional  element 
placed  In  the  center  of  the  arrey  and  so  ar¬ 
ranger!  as  to  add  phasewise  to  tiie  output  of 
the  moving  coit  in  a  Belllnl-Tos!  goniometer. 
Fio.  lo-t.  Ths  Belllni-Tnil  aon-  ThU  arrangement  produced  an  antenna  pattern 
lomei.r  for  lequcntiBlly  umpling  ^^hich  WHS  a  rotating  cardiold  rather  than  a 
»  pslr  of  the  Hemnl.To.l  array,  thus  eliminating  the  180"  ambi- 

gully  which  existed  with  the  latter  configuration. 

Just  prior  to  this,  in  1905  and  1906,  Marconi  working  with  directive 
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Antwonai  luvlng  ft  Aoti  vtrticfti  iltmfint  co&ntcted  U  ft  Ic&f  borbrastAl  poiv 
tloc  such  fts  ihftt  ihawn  In  Figum  10-5»  the  directivity  oi  wbl^  wfti  ihown 
to  be  fts  Indicfttfd  In  Figure  l&>6. 


Fxo.  10-5.  The  I4ftr«om  itntensM.  («)  A  typical  lufUllatioa.  (6)  prindpk  of  op«ratk)Bi 
dtpandlng  on  loMy  ^rtb  to  Ult  tho  cloctrlc  Atid  g. 


Why  such  ftn  array  displayed  direc¬ 
tivity  was  a  mystery  for  seme  time 
until  H.  von  Hoerschelmann  showed 
that  the  ground  conductivity  produced 
a  tilt  in  the  electric  fleld,  and  that  the 
horizontal  component  of  this  combined 
with  the  pick-up  of  the  vertical  section 
to  increase  the  gain  in  the  direction 
away  from  the  feed  point. 

These  so-calied  ground  antennas 
were  arranged  by  Marconi  In  radial 
conAguratlon  such  as  shown  in  Figure 
10-7»  each  of  which  could  be  switched 
sequentially  to  the  input  of  a  receiver 
to  determine  the  signal-arrival  direc¬ 
tion.  Marconi  obtained  bearings  from 
shipborne  transmitters  up  to  90  km. 


Fio.  10-6.  Directivity  pattsm  of  the 
Marconi  antenna.  Solid  curve  is  dilrec- 
tlonal  chsrscterUtic  of  the  horizontal 
member.  Dotted  curve  is  the  combined 
horlionttl  and  vertical  memberi. 

(  =  0 

g  = /c  (1  -I- C0i4)  =  <  zs  Ifl2 
I  0,  (9  =  ir 
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Fio.  10<7.  Rkdlal  conflguril!on  uf  Marconi  antcena  for  SM*  eovarace. 


One  of  the  first  uses  of  «  loop  entenni  for  directivity  tests  wu  tlut  of 
Herts,  who  showed  that,  when  •  loop  of  wire  feeding  s  sptrk  gap  wu  held 
in  certain  positions  with  respect  to  a  radiating  source,  a  spark  would  occur 
acrou  the  gap;  whereas,  for  different  orientations  of  the  loop,  this  did  not 
occur. 

In  1905  and  1906,  H.  J.  Round  in  New  York  dsecribed  the  use  of  frame 
antennas  for  directivity  effects. 

The  First  World  War  (1914>1918)  produced  many  advances  In  direction- 
finding  techniques,  the  vacuum-tube  amplifier  producing  more  sensitive  re¬ 
ceivers  and  test  equipment,  which  accelerated  the  development  of  new  types 
such  as  the  Adcock,  various  loop  direction  finders,  and  numerous  indicators, 
both  mechanical  and  cathode-ray  types. 

The  Second  World  War  produced  another  period  of  rapid  development  in 
the  direction-finding  art.  Crossed  loops,  eight-element  Adcocks,  Watson-Watt 
instantaneous,  H  collectors,  sector-scanning,  phase  comparison  or  interfero¬ 
meter,  lens,  and  many  other  Improved  types  were  developed  and  placed  in 
military  and  civilian  operation. 

lO.l.S  Basic  Information  Associated  with  Field  Vectors 

The  numerous  configurations  of  direction-finding  antennas  and  systems 
derived,  as  many  have  been,  by  experimental  metliods,  are  apt  to  be  confus¬ 
ing  to  one  who  follows  the  developments  In  chronological  order.  Accordingly, 
it  might  be  well  to  consider  the  basic  direction-finding  problem  from  an  in¬ 
formational-theory  viewpoint,  catalog  old  systems,  and  provide  places  in  the 
catalog  for  the  develqpment  of  new  systems. 
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In  order  to  do  this,  the  fleldi  uiociated  with  in  elictromifnetic  dliturb- 
ince  ihould  be  conaldered  ind  the  Infonnillon  conveyed  by  the  field  voctore 
relative  to  the  ilgnil  icurce  inilyised.  All  direction-finding  irriyt  then  can 
be  ihown  to  be  meini  for  encoding  thla  information  in  such  •  w«y  as  to 
cither  simplify  instrumentation  or  to  mitigate  the  effects  of  error-producing 
factors  su^  as  poor  siting,  propagation  anonwlies,  and  the  deleterious  effects 
of  extraneous  aii nal  and  noise  l^kgrcunds. 

The  field  at  a  direction-finding  location  can  be  regarded  as  having  been 
Initiated  by  an  rf  source  exciting  an  antenna.  For  a  general  discussion,  the 
elementary  dipole  can  be  considered  as  the  basic  building  block  for  both  the 
transmitting  and  receiving  antennu.  The  elementary  dipole  consists  of  a 
perfectly  conducting  wire  with  a  radius  vanishingly  small  and  of  short  length 
so  that  the  current  in  it  can  be  of  constant  magnitude  and  phase  throughout 
its  length,  This  theory  can  be  applied  also  to  a  loop  less  than  1/10  wave¬ 
length  in  circumference.  To  approximate  larger  antennas,  they  can  be  con¬ 
sidered  u  a  large  number  of  infinitesimal  or  elementary  dipoles  with  various 
space  distributions,  polariaation,  current  magnitude,  and  phase  relations  to 
each  other.  Tlte  patterns  of  large  antennas  c*  n  then  be  obtained  by  summing 
the  field  vectors  of  the  many  elementary  dipoles. 

If  only  a  single  electric  dipole  is  considered,  the  geometry  may  be  shown 
as  in  Figure  10-8,  where  tho  electric  and  magitetic  field  components  are 


i 


Fig.  10-8.  Spherlcul  coordlnutcft  for  the  dlpote. 

fthowA  in  ipherlcal  coordinates  with  positive  values  shown  by  the  arrows.  If 
a  magnetic  dipole  is  to  be  used»  the  loop  should  be  arranged  perpendicular  to 
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the  t  axis  st  the  origin,  in  which  case,  the  vector  H  becomes  B,  the  electric 
held,  El  becomes  the  magnetic  tangentiai  fleld,  and  become.;  the  radial 
magnetic  Aeld. 

With  the  following  representatious: 
r  =s  distance  OM 

$  =  angle  POM  measured  from  P  toward  M 
I  =  current  in  dipole 
K  Bs  wavelength 
/  :=:  frequency 
w  ~  2v/ 


c  =  velocity  of  light 

V  =  ~  «f 

I  =  length  of  dipole 

the  equations  for  the  electric  and  magnetic  components  are  obtained  in  mks 
units. 


„  30/A/  cos 

Ef  - - —  (con  V  —  er  sin  V)  (10-1) 

JE,  z=  -f  iln  V  —  «*f*  cos  v)  ( 10-2) 

H  —  +-—  (fin  w  —  ar  cos  v)  (10-3) 

For  distnnees  beyond  about  10  wavelengths  the  radial  electric  field  becomes 
negligible  md  only  the  tangential  electric  (£t)  and  magnetic  fields  (If)  need 
be  considered.  Then, 

Hr  =  0 


El  = 


60ir// 

Ar 


iln  fi  cos  (ui  —  ar) 


Assume,  at  leant  for  the  present,  that  the  polarization  of  the  source,  its 
geographical  position,  excitation  level,  and  directivity  (phasing  the  excitation 
of  the  composite  elementary  dipoles)  remain  fixed.  Assume  also  proper  in¬ 
strumentation  to  indicate  a  minimum  perceptible  field  variation  or 
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C\H/H)  of  1  percent.  Under  these  conditions  for  the  usual  distances  Involved, 
and  under  frae<space  conditions  at  a  distance  of  ICO  miles,  the  dipole  must 
be  moved  on  the  circumference  of  a  circle  1  mile  In  diameter,  At  greater  dis¬ 
tances,  auumittg  that  Eq.  (10-2)  and  (10-3)  hold,  the  movement  of  the 
dipole  must  be  correapwndingly  greater. 

During  this  exploratory  movement,  the  power  of  the  transmitter  must  be 
highly  gtabie,  the  expicretory  equipment  must  maintain  calibration,  and  no 
perturbations  of  the  held  may  exist.  Thus  it  Is  difAcuIt  to  determine  the 
direction  of  incoming  radio  waves  by  noting  the  changes  in  intensity  produced 
by  the  movements  of  the  receiver.  However,  in  the  case  of  fast-moving  air¬ 
craft,  “sniffing”  operations  may  be  feasible.  They  arc  diKussed  later  in  con- 
nxtion  with  the  ASQ-23  equipment. 

The  attribute  of  the  electric  and  magnetic  held  vectors  other  than  their 
nugnitude  is  their  Instantaneous  direction  as  a  function  of  the  space  coor¬ 
dinates  X,  Y,  and  Z. 

In  free  space,  or  over  a  homogeneous  ground  plane,  ail  points  equidistant 
from  an  isotropic  signal  source  will  have  the  same  instantaneous  phase  with 
respect  to  each  other. 

Although  antenna  arrays  used  In  transmitters  produce  a  signal  whose 
phase  varies  around  the  array,  at  a  distance  and  with  the  usual  direction- 
finding  array,  the  equiphase  front  Is  usually  normal  to  the  direction  of  prop¬ 
agation.  At  hf,  even  an  antenna  aperture  of  100  wavelengths  will  produce  an 
equiphase  front  at  equidistant  points  for  more  than  a  half  mile  sector  at  IbC 
miles  distance.  Thus  it  Is  evident  that,  even  for  the  largest  aperture  trans¬ 
mitting  antenna,  phase  measurements  to  determine  the  phase  front  will  be 
most  effective. 

Reflections  from  large  objects  close  to  the  transmitter  or  the  receiver, 
however,  will  distort  the  phase  fronts,  and  special  consideration  must  be 
given  to  those  cases  to  obtain  accurate  bearlnp. 

The  field  at  a  point  remote  from  a  transmitter  has  been  found  from  Eq. 
(10-2)  und  (10-3)  above  to  consist  of  electric  field  and  magnetic  field  \  .t(ors 
represented  by  E,  and  H, 

These  vectors  not  only  determine  the  amplitude  but  the  instantaneous 
phase  of  the  Held  with  respect  to  either  the  field  at  any  other  point,  or  to  a 
stored  signal  having  the  exact  same  frequency  at  ail  times  as  that  represenled 
by  the  Held  vectors. 

Under  these  conditions,  it  is  possible  to  consider  the  direction-finding 
problem  as  one  of  exploring  either  simultaneously,  or  sequentially,  the  Held 
vectors  at  various  closely  grouped  points  to  determine  the  equiphase  front 
and  thus  determine  the  direction  of  arrival  of  the  signal. 

The  information  contained  in  the  signal  is  limited  to,  and  does  not  exceed. 
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that  lupplied  by  the  fleld  equation!.  Aa  wu  ibown  above,  the  coefficient!  of 
the  fleld  equation!  vary  to  !low]y  aa  a  function  of  di!tance  that  only  the 
phaae  of  the  fleld  vector!  l!  uaeful. 

10.1.4  Array  Claaeiflcatlon 

The  dcterntination  of  the  direction  of  arrival  of  a  radio  wave  may  be  ac¬ 
complished  by  a  number  of  almultaneou!  or  sequential  meaaursmenta  of  the 
phaae!  of  the  fleld  vector!  at  different  point!.  The  selection  of  the  sampling 
points,  and  the  manner  in  which  outputs  of  the  exploring  elements  of  the 
direction  finder  array  are  combined,  may  be  considered  as  an  encoding  pro¬ 
cess  designed  to  either  simplify  the  instrumentation  and/or  to  reduce  the 
error  due  to  local  site  disturbances. 

For  simplicity,  the  various  exploring  techniques  can  be  classlfled  by  the 
following  grouping: 

Absolute  or  instantaneous  methods  of  measurement  of 

(a)  Amplitude  (.f)  :::  H$) 

(b)  Phase  (4)  =  1(0) 

(c)  Delay  (8)  =  1(0) 

and  sequential  methods  of  measurements  of 

(a)  Amplitude  d'^/dO  =  1(0) 

(b)  Phase  04/38  =  J(0) 

(c)  Delay  08/08  =  1(0) 

where  8  is  the  aslmuth  angle  of  the  array  with  reiipect  to  a  reference,  gen¬ 
erally  North. 

Aa  an  example  of  the  encodings  represented  by  the  methods  above,  a  few 
configurations  are  considered. 

Tc  determine  the  direction  of  arrival  Initantaneouily  by  amplitude  meth¬ 
ods,  a  pair  of  antenna  elements  may  be  connected  together  to  form  a  figure- 
eight  pattern,  as  shown  in  Figure  10-?(a).  A  similar  array  may  be  arranged 
at  right  angles,  as  shown  in  Figure  10-9  (b). 

Each  of  the  two  arrays  may  be  considered  as  converting  the  phase  fleld 
into  an  amplitude  function  of  azimuth,  the  amplitude  being  a  sinusoidal 
function  of  the  angle  between  the  plane  of  the  antennas  and  the  equiphase 
front ;  that  is, 


A^  =  KtlnO 


and 


Aa  =  K  sin  (8  +  90*)  =Kco»0 
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iriiere  iC  la  tbe  apadni'  between  antenna  elementa  Is  electrical  degrees  at  the 
frequency  of  the  signal. 

The  direction  of  arrival  is  obtained  by  a  comparison  of  the  outputs  cf  each 
antenna  pair.  Thus, 


A- 


K  sin  ? 


/fi  =  IT  cos  # 


or  the  ratio 


ling 
cos  g 


=  Ung 


or 


g  =  un-‘ 

At  an  example  of  a  phase  method  of  measurement  for  initantaneous  indi¬ 
cation,  assume  two  probes  which  do  not  disturb  the  field;  from  the  outputs 
of  these,  a  Lissajous  figure  can  be  fornml  by  connecting  each  probe  to  a  set 
of  deflecting  plates  of  a  cathode-ray  oscilloscope.  If  the  frequency  of  the 
signal  and  the  spacing  between  the  probes  is  known,  then 


““  == 


2wdl 

V 


sin  6 


or 


$  =  sin 


2w3f 


where 


V 

d 

I 


velocity  of  light 
distance  between  probes 
frequency  of  signal 

difference  in  rf  phase  between  point  1  and  point  2 


The  ambiguity  due  to  symmetry  about  the  horixonta)  axis  can  be  resolved 
by  the  use  of  a  third  probe. 

At  this  pioint  it  may  be  well  to  reiterate  the  note  that  all  methods  utilize 
the  phase  of  the  field  vectors.  Some  encode  by  transforming  the  phase  reia- 
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tioni  to  an  amplitude  (unction,  while  others  compare  the  phase  o(  the  field 
vectors  at  two  or  more  points,  either  simultaneously  or  sequentially. 

An  example  of  the  use  of  a  delay  method  of  determining  directio'n  is  shown 
in  Figure  10-10.  Here  the  signal  is  rectified  end  the  latency  in  the  time  of 
arrival  at  two  points  is  measured. 

t  —  (d  sin  d)/v  or  g  =  sin‘‘  vt/d 

where  d  —  distance  between  probing  points 
V  =  velocity  of  light 

t  =  time  difference  between  the  arrival  of  a  reference  point  and  the 
modulated  wave  at  point  1  and  point  2 

Ambiguities  may  be  avoided  by  the  use  of  a  third  probe.  This  method  is 
often  referred  to  as  the  "inverse  loran"  system.  If  the  radio  wave  is  un- 


Fid.  10' 10.  TlmC'drltty  method  or  Ihvcthc  lornn  of  direction  Andlng. 
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modulated,  that  ii,  hu  no  appreciable  aidebande,  thli  degenerates  to  a  phate* 
measurement  case.  The  latency  in  time  of  arrival  may  be  measured  by  a 
number  of  methods  and  will  be  discussed  later, 

10.1.5  9cannSn(  Types 

Antenna  arrays  for  direction  finding  may  be  timpliflcd  by  probing  the 
vector  Held  in  a  sequential  manner  using  the  same  antenna,  but  moving  it 
from  point  to  point  and  noting  the  manner  in  which  the  phase  of  the  field 
changes. 

In  some  cases  more  than  one  Axed  antenna  array  may  be  used  and  each 
antenna  connected  in  sequence  to  a  receiver.  The  sequential-probing,  or  as 
they  are  often  called.  Manning  methods  may  often  oher  advantages  when  the 
signal  is  stable  and  of  long  duration  relative  to  the  scanning  cycle. 

An  example  of  a  sequential-probing  method  encoded  so  as  to  produce  an 
amplitude  change  as  the  vector  is  explored  is  the  rotating  cardioid  type 
shown  in  Figure  10-11. 


F*(i.  10>n.  Syitcm  for  problnit  the  field,  uiIak  a  roUtitiK  urdioid. 

in  this  type,  an  antenna  A  Is  fixed  on  a  mast  and  a  parasitic  element  P  Is 
rotated  around  the  antenna  element  A  at  a  distance  slightly  less  than  A/4  at 
mean  frequency.  The  antenna  A  probes  the  Held  at  a  Axed  point  while  the 
parasitic  element  probes  the  vector  field  on  the  circumference  of  a  circle  A/4 
radius  from  A.  The  Acid  probed  by  clement  P  Is  coupled  to  A  by  the  mutual 
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coupling  10  that  tbe  output  o!  antenna  ^  ii  a  function  of  tb«  vector  fkeldi 
exiating  at  the  center  and  on  the  circumference  of  the  circle,  and  thui  a 
change  in  amplitude  li  produced  by  the  antenna  rotation.  The  amplitude 
change  ii  lubstantially  linuioidal  with  a  period  of  one  revolution,  lo  that  the 
phase  of  the  envelope  of  the  radio  wave  thus  detected  with  respect  to  a 
flxed  reference  indicates  the  direction  of  arrival  of  the  radio  wave. 

The  analysis  of  such  a  direction-finding  system  may  also  be  considered 
simply  as  a  directive  array  which  is  rotrted,  and  the  direction  of  the  trans¬ 
mitter  is  determined  by  noting  the  orientation  of  the  array  when  the  signal 
is  maximal. 

The  minimum  of  the  directive  pattern  may  be  used  in  a  similar  fashion, 
but  the  information  contained  in  the  probing  of  the  complete  circle  is  par¬ 
tially  lost  by  such  a  restricted  search,  particularly  when  the  signal  level  is 
low, 

10.1.6  Sequential  Phase  Method  (Doppler  Direction  Finding) 

If  an  antenna  is  moved  at  a  uniform  speed  across  a  vector  field,  if  the 
movement  it  not  tangential  to  the  equiphue  contours,  and  If  the  frequency 
of  the  signal  is  known,  then  the  movement  necessary  to  produce  2r  radians 
of  phase  change  may  be  experimrwtaliy  determined.  This  2w  radians  or  360* 
is  equivalent  to  pr<^ucing  a  1-cycle  frequency  change  during  the  time  re¬ 
quired  for  the  movement.  The  azimuth  of  the  transmitter  may  then  be  deter¬ 
mined  as  shown  in  Figure  10-12  and  U  simply; 

e  =  cos’*  (A/d) 

where  A  =  wavelength  of  the  signal 

d  =  distance  moved  In  a  straight  line  to  change  the  phase  of  360 
electrical  dogree.s  with  reference  to  an  oscillator  having  the 
Identicai  frequency  as  the  received  signal 

If  the  antenna  is  moved  on  the  circumference  of  a  circle,  then  the  phase 
change,  which  Is  equivalent  to  introducing  a  doppler  fre(;uency  shift,  can  be 
measured;  and  if  the  velocity  of  movement  is  constant,  the  direction  of  the 
transmitter  may  be  determined  by  noting  the  position  at  which  the  doppler 
shift  is  maximal;  the  line  of  direction  Is  tangent  to  the  circle  at  this  point 
and  In  the  direction  of  movement  of  the  antenna. 

Many  variations  of  sequential  phase  measurement  are  possible.  The  aa- 
tennu  need  nut  move;  the  phase  at  different  fixed  antennas  |}ositiuned  in  a 
circle  can  be  sequentially  compared  and  the  result  will  be  essentially  equi¬ 
valent. 
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Flo,  10-12.  Sequential  phiK  method  of  direction  flndInK. 


lO.LT  Sequentlel  Tlme-Delfiy  Mothoda 

The  litency  in  time  oi  arrival  of  a  characteristic  feature  of  modulation  in 
a  wave  can  be  determined  at  two  locations  and  by  moving  ore  position 
around  the  other  The  relative  positions  for  simultaneous  arrival  can  be 
noted,  and  from  this  information  the  direction  of  arrival  of  the  signal  is 
found  to  be  normal  to  the  line  connected  to  these  positions.  The  180^  ambi¬ 
guity  can  be  resolved  by  a  movement  of  one  antenna  along  the  line  of  direc¬ 
tion. 

lOtItB  General  Considerations  Determlulng  the  Choice  of 
Techniques 

In  many  cases,  as  will  be  evident  in  the  following  discussion,  no  one  type 
or  method  will  be  satisfactory,  in  which  case  the  techniques  may  be  com¬ 
bined  as  a  system.  Take  as  an  example  an  occasion  when  both  short-burst 
transmissions  (fraction  of  a  second)  and  longer  cw-type  signals  must  be  re¬ 
ceived.  Although  the  sequential  or  scanning  direction-Andlng  techniques  may 
be  more  accurate  and  more  easily  Instrumented,  a  short  transmission  will 
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not  permit  sequential  probing;  therefore  the  InstsnUneous  type  technique 
must  be  used.  However,  a  sequential  phase  or  doppler  type  may  be  used  %t 
one  position  and  a  separate  antenna  provided  many  miles  away  using  inverse 
loran  techniques. 

The  factors  that  determine  the  choice  of  a  system  Include,  lenerally,  per¬ 
missible  sice  of  the  array,  operating  frequencies,  terrain  characteristics, 
frequency  band  to  be  covered,  polarization  of  the  incoming  signal,  signal 
duration,  bandwidth  of  the  signal,  accuracy  of  bearing  required,  and  data- 
processlng  equipment  available. 

These  factors  will  be  discussed  later,  but  in  general  we  may  regard  the 
electromagnetic  field  and  the  associated  vectors  as  an  Ideal  field  perturbed 
by  a  variety  of  Irregularities.  These  irregularities  are  due  to  propagation 
through  a  nonhomogeneous  medium  that  Is  bounded  by  a  ground  plane 
neither  smooth  nor  electrically  uniform.  In  the  case  of  waves  r^'flected  from 
the  ionosphere,  the  upper  boundary  is  not  only  nonuniform  electrically  but 
changing  with  sunspot  activity,  time  of  day,  season,  and  latitude.  In  addi¬ 
tion,  the  boundaries  and  at  some  points  even  the  medium  between  the  bounds 
ma;  be  dispersive ;  that  Is,  Its  propagation  characteristics  may  vary  with  the 
frequency  of  the  signal. 

Any  factor  which  tend*  to  distort  the  phase  front  of  a  signal  will  produce 
an  error  in  the  direction-finding  procedure;  the  accuracy  with  which  a  line 
of  direction  is  obtained  is  dependent  on  a  knowledge  of  the  distortions  which 
rtjuv  and  In  the  proper  selection  of  the  dlrectioti-finding  techniques  to 
the  etrors  which  these  distortions  produce. 

The  field  vectors  represent  a  tpace-  and  time-variant  signal  with  certain 
imposed  constraints  and  with  enoi -producing  “noise”  disturbances. 

If  simultaneous  probing  is  used  in  exploring  the  field,  the  data  obtained 
at  each  exploring  point  are  not  Independent  for  the  case  where  power  Is 
extracted  from  the  field.  The  data  thus  obtained  are  subject  to  an  error  due 
to  the  mutual  ccupling  to  the  other  elements  of  the  array.  The  reduction  of 
these  errors  will  be  considered  later. 

If  a  si  igle  probe  Is  moved  sequentially  from  one  exploring  point  to  another, 
the  mutual  coupling  problem  is  replaced  by  the  requirement  that  the  trans¬ 
mitter  and  receiver  be  stationary,  and  the  frequency  stability  of  the  transmit¬ 
ter  be  of  a  high  order.  Attempts  to  probe  at  rapid  speeds  to  avoid  errors 
from  frequency  changes  introduce  sideband  frequencies,  neces.sitatlng  wider 
bandwidths  with  the  associated  deterloratloni  in  signal  to  noise  ratios. 

The  reference  to  the  role  of  channel  capacity  required  to  offset  an  uncer¬ 
tainty  in  the  frequency  of  the  transmitter,  and  the  analogous  minimum 
sampling  lntervul.s  due  to  mutual  effects  lead  to  many  interesting  fundamental 
relations. 
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The  Mlection  of  &n  exploring  p.%th,  or  the  Interconnections  of  t  serlee  of 
f  itenn*  elements  In  an  array,  may  be  regarded  as  an  encoding  procedure  to 
reduce  the  errors  due  to  disturbances.  As  In  information  theor>',  It  is  gen¬ 
erally  found  that  the  use  of  o  priori  data  relative  to  the  trartsmitter  or  the 
propagation  medium  resulu  in  a  lower  error  rate,  smaller  integration  times, 
and  simpler  instrumentation. 

10.2  Propagation  of  Eloetromafnatic  Waves 

The  accuracy  of  a  DF  (direction-finding)  equipment  is  influenced  by  the 
signal  characteristics,  design  of  the  DF  apparatus  and  antenna,  its  local 
siting  conditions,  the  data-processing  methods  used,  and  the  characteristics 
of  the  propagation  medium. 

The  apparent  direction  of  arrival  of  a  signal  is  determined  Anally  by  the 
irregularities  of  the  intervening  medium.  The  errors  Introduced  by  various 
factors  associated  with  the  propagation  of  the  electromagnetic  wave  impose 
practical  limits  on  the  range  and  accuracy  of  the  DF  operation. 

A  brief  diicuuion  of  the  uncertainties  of  propagation  Is  helpful  m  indi¬ 
cating  the  relationship  between  residual  errors  from  that  ceiue,  and  the 
methods,  by  the  use  of  more  complex  equipment  and  procedures,  for  reducing 
such  errors. 

The  errors  caused  by  propagation  effects  will  be  discussed  here,  while  the 
reduction  of  such  errors  will  be  treated  later  (Section  10.9).  The  rf  frequen¬ 
cies  of  interest  to  the  recontulscance  operator  range  from  the  ELF  (extremely 
low-frequency)  waves  (10-500  cycles)  tu  the  microwave  region  beyond 
125,000  Me. 

Through  this  wide  frequency  scale,  over  10  decades,  the  factors  which 
introduce  disturbances  in  the  path  of  propagation  are  manv  and  are  related 
to  the  frequency  of  the  signal. 

Within  the  bounds  of  the  earth  and  the  ionosphere,  inhomogeneities  are 
found  due  to  changes  in  tlie  electromagnetic  properties  of  the  earth,  geometric 
irregularities  of  the  surface,  nonuniform  refractive  and  absorptive  proi^rtles 
from  various  causes  in  the  troposphere  (0-12  km  height),  in  the  stratophere 
(12-80  km  height),  and  in  the  Ionosphere  (80-400  km  height). 

If  the  rropagatlon  path  extends  beyond  the  ionosphere,  as  in  satellite  com- 
munic.'itlon  and  radio  astronomy,  except  for  the  unusual  case  of  diffraction  In 
the  immediate  neighborhood  of  celestial  bodies,  substantial  deviations  from 
linear  propagntlon  will  probably  occur  only  as  a  result  of  transmissions  in 
or  through  the  ionosphere. 

To  the  normal  Ionosphere  inhomogeneities  must  be  added  those  produced 
by  unusual  solar  activity  an.i  nuclear  blasts. 
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10.3.1  EltoetronuifBatlc  PropwrtiM  ot  Um  Upper  AtniMplier* 

The  transmiulon  of  radio  iravaa  bayond  tha  hoiiion  Is  dua  prlntarily  to 
tha  phettomanon  of  diffraction  caused  by  gaometrlc  Irrofulaiitias  of  tha 
earth’s  surfaca;  transmission  by  surface  waves  which  follow  ducts  creatad 
by  strlations  of  madia  having  ^ffarant  dJalectric  propcrtlas;  rafrastion  and 
scattering  from  tropospheric  areas,  and  tha  reflactlon  and  refraction  from 
ionospheric  layars. 

Ot  these,  the  Ionisation  in  tha  upper  atmosphere  (from  60  to  400  km 
height),  of  the  gases  present  there,  is  an  important  consideration  in  the 
propagation  of  radio  waves  over  long  distances  beyond  lina-of-sight  limita¬ 
tions. 

The  ionisation  in  thb  region  is  not  uniform  but  is  arranged  in  “layers”  of 
greatest  ionisation.  Figure  10-13  shom  tha  location  of  thMO  Icnisad  layers. 

At  times  another  res^on  E»  is  formed 
above  E,  The  layer  shown  re  £7  is  es¬ 
sentially  an  absorbing  layer  and  disl^)■ 
pears  at  night.  The  Fi  and  Ft  layers 
merge  at  night  to  form  a  single  layer 
F,  The  four  main  regions  of  Ionisation 
and  D,  E,  Fi  and  Ft.  The  maxima  for 
the  Fi  and  Ft  layers  are  located  at 
200  and  275  km,  respectively.  The  day¬ 
light  layer  D  lien  between  60  and  100 
km.  While  it  is  esrentially  an  absorb¬ 
ing  belt,  nevertheless  at  the  lowest 
frequencies  it  also  aids  in  the  propaga¬ 
tion  of  radio  waves. 

The  ionisations  produced  by  ultra¬ 
violet  radiation,  and  corpuscles  from 
the  aun  hence  vary  daily,  seasonally. 
Ho.  lO-Ji.  lonUed  rtilon*  of  ths  upper  magnetic  storm  and  auroral 

straosphere. 

Ionisation  is  also  produced  by  the  passage  of  meteors,  satellites,  and 
missiles. 

10.2e2  EloctroniagneUc  Waves  in  an  Ionised  Medium 

If  the  ionised  medium  contains  free  electrons,  then  the  movement  of  these 
electrons  is  affected  by  the  passage  of  an  electromagnetic  wave.  The  electrons 
will  vibrate  and  product  a  current  which  is  added  to  the  displacement  cur¬ 
rent  due  to  the  electromagnetic  field  itself. 

The  net  result,  neglecting  collisions  of  electrons  with  neighboring  neutral 
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Ktomi  and  moleculej  asd  aiao  the  effect  of  the  existing  magnetic  field,  is  to 
reduce  the  dielectric  constant  of  the  medium  by  the  quantity 

where  is  the  number  of  electrons  per  cubic  centimeter,  each  having  a 
charge  •  and  a  nuiss  m,  and  w  is  the  angular  frequency  of  the  wave  2ir/. 

In  empty  space,  K,  the  dielectric  constant  of  t^  m^lum,  is  equal  to  unity, 
so  that  the  presence  of  the  e' jctrons  reduces  it  from  unity  to 

1  - 

The  phase  velocity  of  the  electromagsstic  wave  in  the  medium  is  there¬ 
fore  changed  from  a  value  e  to  w,  where 


M 


This  reduction  of  the  dielectric  constant  to  a  value  of  less  than  unity,  and 
the  associated  increase  in  phase  velocity,  produce  a  bending  downward  of 
electromagnetic  waves  traiumitted  upward,  as  shown  in  Figure  10-14. 

If  the  electron  density  at  any  iftiven  height  changes 
with  geographical  Iccatlon,  then  reflr  tlons  from 
ionised  layers  will  also  be  laterally  diverted;  that  Is, 
the  signal  will  not  arrive  at  the  receiving  point  from 
a  direction  of  the  transmitter. 


Fto.  10-14.  Bendins  of  iin 
electromagnetic  wive  by 
an  ionixed  layer.  The 
upper  portion  of  the  wave 
{A  of  /(B)  movea  faster 
filnee  it  U  In  a  region  of 
hlither  electron  denaity, 


Heuldea  this  lateral  deviation,  Irregular  densities 
of  ionization  will  produce,  at  any  given  receiving 
f>olnt,  a  signal  intensity  due  to  the  contributions  (in 
or  out  of  phase)  of  a  plurality  of  paths. 

Since  the  electron  densities  In  the  various  ionized 
layers  are  variable  with  time,  being  influenced  by 
drifts,  wind.s,  and  turbulence,  the  reception  may  be 
highly  variable;  and  under  certain  conditions  the 
apparent  direction  of  arrival  will  fluctuate  violently. 

Fluctuations  will  occur  in  particular  during  t>crio(is 
of  magnetic  storms,  auror.a!  activity,  and  when  the 
sunset  and  sunrise  lines  are  in  somewhat  the  same 
direction  as  the  direction  of  propagation. 
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10.2.8  Abitorptloii*  in  th*  Icnlmd  Lajrerc 

If  we  coiuider  the  effect  of  colliaiont  of  the  eiclted  electroni  with  tit»tral 
pctftlciee  end  heavy  Iona  and  other  electrons,  it  is  found  that  tntrgy  is  ex- 
trutcd  from  the  electromagnetic  wave. 

The  ionosphere  may  be  considered  as  having  a  conductivity  of 

_ 

where  y  is  the  frequency  of  collisions  per  second,  approximately  10*  for  the 
£-layer  and  5  X  10*  for  the  T-layor.  The  dielectric  constant  therefore  is 


and  the  complex  refractive  index  M  is 

Af“ = if' = ^  M 

wliere  is  the  refractive  index  for  the  iriedium  and  A  is  the  absorption  per 
unit  length  of  path  (Reference  1). 

The  absorption  is  of  interest  in  DF  techniques  in  determining  the  relative 
transparency  of  an  ionised  layer,  particularly  u  it  affects  waves  incident  at 
planes  not  normal  to  the  layer. 

10.2.4  Propagation  in  a  Magnetic  Field 

The  ionosphere  is  within  the  earth's  magnetic  field,  nrd  the  reflection  of 
waves  under  these  conditions  produces  splitting  of  the  wave  and  polarisation 
changes,  both  of  which  may  effect  the  observed  direction  of  arrival  of  the 
signal. 

When  a  magnetic  fteid  Is  present,  a  single  incident  wave  will  be  split  into 
two  waves,  the  ordinary  and  the  extraordinary.  This  process  is  similar  to 
double-refraction  phenomena  in  optics.  The  wave  which  is  less  affected  by 
the  magnetic  held  is  called  the  ordinary  one. 

There  are  two  conditions  depending  on  whether  the  gyro  frequency 

/,  =  e3/m 

of  the  electron  In  the  earth’s  magnetic  field  is  less  or  greater  than  »,  the 
anguliir  frequency  of  the  incident  radio  wave.  In  the  above  formula  B  is  the 
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earth ’•  maineilc  induction  field  in  webers  per  iquare  meter,  e  b  the  electron 
charge,  and  m  ii  the  electron  maia, 

When  the  gyro  /irequency  »B/m  b  leaa  than  «,  there  are  three  electron 
deniitiee  (whi«±  normally  occur  at  three  different  heighta)  for  which  reflec¬ 
tion  can  occur.  Theae  are  obtained  by  letting 


_  1  _ 

mm*  mm 

(10-4) 

=  1 

(lO-S) 

=  1  +  '* 
mm 

(10-6) 

When  the  propagation  of  the  wave  b  in  the  direction  of  the  magnetic  field, 
ottlyEq.  (10-4)  and  (10-6)  hold. 

When  the  gyro  frequency  eB/m  b  greater  than  w,  there  are  two  densities 
for  reflection.  These  are  obtained  by  letting 

4iriV,«« 

(10-7) 

tB 

=  1 

mm 

(10-8) 

When  the  propagation  of  the  wave  it  in  the  direction  of  the  magnetic  field, 
then  only  (10-8)  holds. 

The  computations  above  hold  for  the  condition  when  absorption  is  ne¬ 
glected. 

I>0.2<S  Polarisation  Changes 

llse  magieticaily  split  waves  are  elliptically  polarised  in  opposite  angles 
of  rotation  u  they  enter  tite  ionosphere.  The  polarisation  ellipses  are  of  the 
same  eccentricity  but  at  right  angles  to  each  other  (page  667  of  Reference 
2).  For  the  northern  hemisphere,  the  component  having  the  counterclock¬ 
wise  rotation  will  be  reflected  where 

4wN,c''‘  _  j  eB 
Mw®  ~  mu 

In  general,  however,  reflection  occurs  at  the  lower  level  defined  by  the  equa¬ 
tion 
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4)rA',g*  —  j  — 

mtt*  ~~  i«*i 

and  therefor:  the  wave  does  rsot  reach  the  height  neceuary  to  (jroduce  a 
plane  polarisation  condition. 

The  lenu  of  polarisation  is  reversed  on  reflection,  an  upward-going  wave 
with  a  counterclockwise  rotation  being  converted  to  a  downward-going  clock¬ 
wise  polarisation.  The  polarisation  diagram  is  rotated  by  the  effects  of  ab¬ 
sorption  due  to  colIisIoM  of  excited  electrons. 

10.2.6  Metsior  Trails 

Transient  discontinuities  in  the  Ionosphere  produced  by  meteors  may  pro¬ 
duce  deviations  in  the  direction  of  arrival  of  a  signal. 

The  increases  in  £-!ayer  Ionisation  at  night  during  meteor  showers  have 
been  fairly  well  correlated;  In  fact,  observations  of  the  critical  frequency  at 
night  during  the  maximum  period  of  the  Leonid  meteor  shower  of  1932  indi¬ 
cated  electron  densities  greater  than  the  noon  value  for  a  summer  day  (Ref¬ 
erence  3). 

Radio  signals  have  been  reported  over  long  distances  at  frequencies  where 
both  the  E-  and  F-layers  are  ordinarily  penetrated  (Reference  4).  Signals 
at  frequencies  as  high  as  40  Me  have  been  observed  at  long  distances.  Sig¬ 
nals  received  from  such  ionised  patches  will  obviously  have  an  apparent 
direction  of  arrival  determined  by  asimuth  of  the  disturbance. 

10.2.7  Nuclear  Biaets 

An  atomic  blast  at  high  altitudes  will  ionise  the  atmosphere,  thereby  either 
grer.tly  enhancing  the  effect  of  the  ionosphere,  or  creating  clouds  of  electrons. 

At  an  altitude  of  60  miles,  a  klloton  atomic  bomb  would  produce  a  sphere 
of  ii-km  radius  within  which  there  would  be  an  average  electron  density  of 
10“'  electrons  per  cubic  centimeter  or  about  10*  times  the  average  daytime 
density  of  the  £-liiyer. 

Because  of  the  high  densities,  A,  =  lO'",  reflection  would  occur  up  to  the 
regie.,  of  2f-band  ( 10,000  Me). 

In  addition  to  this,  beta  particles  would  be  carried  by  the  magnetic  field 
to  the  opposite  hemispliere  where,  at  heights  of  50  to  100  km,  electron  den¬ 
sities  of  2  X  lO^/cm"  would  be  produced.  The  fission  fragments,  also  guided 
by  the  earth's  magnetic  field,  would  arrive  a  few  seconds  later  and  produce, 
at  higher  altitudes  (100-200  km),  electron  densities  of  3  X  lO'Vcm*. 

The  low-Ievel  disturbances  would  mainly  be  absorbing,  preventing  long 
communication  except  at  the  very  lowest  frequencies,  where,  however,  DF 
operations  would  be  difllcult  because  of  the  variation  of  the  phase  velocity 
and  of  the  consequent  severe  phase-front  distortions. 
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The  reflecting  patches  of  ionosphere  at  high  level  would  therefore  seem 
to  be  a  virtual  source  for  many  signals  of  higher  frequency,  that  is,  above  a 
few  hundred  megacycles. 

iO.2.6  Lower-Atraoepnere  Pbenomma 

Useful  electromagnetic  fields  can  be  propagated  several  hundred;  miles  at 
frequencies  of  about  40  to  4000  Me.  The  received  signal  is  relatively  inde¬ 
pendent  of  frequency,  but  the  signal  strength  may  vary  coniiiderably,  de¬ 
pending  on  the  Intervening  weather  and  atmospheric  conditions.  When 
observing  such  signals,  two  types  of  fading  are  encountered.  The  first  t3rpe 
has  an  amplitude  following  a  Rayleigh  distribution  over  short  periods  during 
which  the  troposphere  can  be  considered  constant.  This  fading,  of  a  rapid 
type,  is  due  to  many  paths  of  slightly  different  length  and  can  be  reduced  by 
i^e  diversity. 

The  second  type  of  fading  is  much  slower  and  is  caused  by  variations  in 
the  gradient  o.'  the  refractive  index  of  the  atmosphere;  this  type  is  not  aided 
by  diversity. 

In  lower-atnRosphere  propagation,  any  artificially  introduced  reflector  such 
as  an  aircraft,  particularly  if  flying  close  to  the  transmitter  or  receiver,  will 
Increase  the  field  Intensity  by  Urge  amounts  depending  on  the  geometr>'.  A 
bearing  taken  on  the  transmitter  will,  here,  be  that  of  the  aircraft. 

Similarly,  if  the  transmitter  has  a  sharp  beam  which  is  being  rotated,  the 
bearings  will  scintilUte  due  to  dllTraction  and  rcradUiion  from  various  high 
spots  on  the  horlson  for  distances  somea^i  beyond  line  of  sight,  but  will 
show  less  error  at  large  distances.  The  resolution  of  the  bearing  will  in 
general  be  poor  and  bearings  will  move  randomly  through  large  deviations, 
a  phenomenon  known  as  “galloping."  Ranges  to  be  expected  from  troposphere 
scatter  are  available  (page  759  of  Reference  2). 

In  addition  to  the  relatively  steady  tropospheric  scattering  of  signals, 
unusual  gradients  of  defractive  index  have  allowed  the  reception  of  radar 
returns  at  Urge  distances,  a  range  of  i  700  miles  having  been  reported  during 
World  War  II.  When  the  index  of  refraction  decreases  rapidly  with  height, 
high-frequency  signals  can  be  propagated  as  In  a  waveguide. 

Favorable  conditions  for  such  duct  propagation  may  be  found  when  the 
air  temp<;rature  is  higher  than  that  of  the  water  or  when  two  air  masses  of 
different  temperatures  are  contiguous  for  a  long  distance.  For  an  extensive 
treatment  of  phenomena  of  this  sort,  see  Reference  5. 

10.2.9  liacunae 

Propagation  conditions  such  as  ducting,  scattering,  and  iono.nphcric  prop¬ 
agation  have  been  studied  extensively  because  of  their  importance  in  in- 
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crtMing  the  range  cf  communication  and  radar-detection  lyiteme,  In  addition 
to  phenomena  from  these  causes,  the  existcnco  of  lacunae,  or  islands  of  at¬ 
mosphere  having  discontinuities  of  refractive  index  due  to  moisture,  may  be 
encountered  during  the  stages  of  cloud  fornwtion,  arid  vertical  ducting  due 
to  nonuniform  heating  of  terrain  may  occur  on  summer  days  svbcn  wind 
velocities  are  low.  Thece  lacunae  produce,  in  the  vhf  and  higher  frequencies, 
'^galloping,”  or  rapid  fluctuations  of  the  bee, ring,  particula-ny  vdien  the  trans¬ 
mitt  r  source  is  close  to  the  horiaon  end  a  land-boaed  direction  finder  Is 
beiug  used. 

10.2.10  Earth  Eflccta 

The  Irregularities  of  terrain  produce  disturbances  in  the  propagation  of 
radio  waves  and  therefore  difficultiee  in  the  DF  procedurM.  The  pretence  of 
reflecting  objects  such  as  mountains  disturbs  the  phase  front  and  producea 
interference  effects.  Mountains  and  cliffs  also  cause  diffraction  pbenonvsna, 
which  are  especially  noticeable  at  vhf  and  above,  depending  on  the  topog¬ 
raphy. 

Differences  in  the  earth’s  conductivity,  particularly  in  the  transition  be¬ 
tween  sea  water  and  ground,  aUo  give  rise  to  interference  phenomena  and 
disturbances  In  the  phase  front.  The  latter  effect  is  particularly  noticeable 
at  the  hf  and  lower  frequencies  and  Is  known  u  coast  refraction  (Rcferencae 
6,  7,  and  8).  It  produces  errors  in  the  direction  of  arrival  of  4*  to  5*.  The 
level  of  the  tide  has  been  found  to  affect  the  direction  of  arrival  in  one  case 
at  least  by  1.25'  for  direction  almost  parallel  to  a  coastline. 

When  a  reflected  wave  undergoes  a  change  in  polarisation,  or  when  the 
original  signal  contains  a  wave  other  than  a  pure  plane-polarised  wave,  errors 
will  occur  in  the  apparent  direction  of  arrival  since  the  DF  antenna  patterns 
will  often  have  a  different  azimuthal  pattern  for  each  polarisation.  More 
will  be  said  about  this  source  of  error  u  it  is  encountered  in  the  discussion 
of  DF  antenna  arrangementi. 

10.2.11  Loss!  Site  Effects 

The  effects  of  local  reflections  on  the  accuracy  of  a  DP  equipment  are 
difficult  to  analyse  mathematically  because  of  tb"  irregular  shapes,  orienta¬ 
tions,  and  dielectric  discontinuities  which  one  encounters  in  local  sites.  Typical 
examples  are  the  problems  associated  with  DF  apparatus  installed  in  aircraft 
and  operating  at  frequencies  of  about  3  to  300  Me. 

The  treatment  ia  further  complicated  by  conversions  of  polarization  and 
the  effect  of  such  modified  polarization  on  the  DF  array.  Further  local  aite 
reflections,  being  in  proximity  to  the  array,  will  affect  different  elements  of 
the  DF  antenna  nonuniformly.  In  general,  except  for  certain  exceptional  cases. 
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tbt  reradUtion  pbsnomcna  cannot  b«  treated  at  Fraunhofer  diffraction,  but 
must  consider  tbw  effect  of  pham  differences  in  the  wavefront  which  excites 
the  antenna;  tiierefore,  the  Fresnel  diffraction  case  must  be  treated. 

To  indicate  the  character  of  the  difAcuIty,  an  extremely  simple  reflector 
may  be  considered.  Assume  a  metal  sphere  of  radius  r  on  which  is  in^ingent 
a  plane  wave  of  length  II  the  center  of  coordinates  Is  chosen  at  the  center 
of  the  sphere,  it  is  found  that  the  scattered  field  has  radial  components 
which  fell  off  as  l/r*  and  has  transverse  components  which  fall  off  as  1/r. 
Hence  for  large  values  of  r,  the  electric  and  magnetic  fields  vary  as 
^rhere  k  =s  3w/X  U  tbe  phase<propagatfon  constant.  The  Poyntlng  vector  at 
large  distances  varies  as  l/r*.  If  the  tinae  average  of  the  Poyntlng  vector  is 
integrated  over  a  sphere  of  large  radius  end  is  concentric  with  tbe  scattering 
sphere,  this  yields  as  the  total  power  reradiated  from  the  scatterer: 

f  X  eln 

where  E,  and  K,  are  the  components  of  the  scattered  field. 

The  power  is  the  Incident  wave  per  unit  area.  If  £o  i*  the  magnitude  of 
the  incident  electric  field,  this  power  is 

-jT  -  2  ^  yj  fio 


The  ratio 


dW,/dt 


is  by  definition  called  "ecattering  cross  section." 

In  genera],  the  scattering  cross  section  is  a  complicated  function  of 
hr  =.  luf/x.  However,  If  <<  1 

a  =  (10w/3)*V 

that  Is,  the  scattering  cross  section  varies  u  the  invet.^  fourth  power  of  the 
waveirngth,  and  Is  smaller  than  the  geometrical  cross  section  nf*. 

Let  such  a  small  metallic  sphere  be  moved  about  in  space  at  a  distance 
dt  from  a  remote  transmitter  and  at  a  distance  (f|  from  a  DF  array,  then  the 
effect  of  the  scattering  ephere  will  be,  at  the  receiver. 
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where  w  li  the  angular  frequency  of  the  rf  ilgnal  and  I*  le  a  constant  depend¬ 
ent  on  the  transmitter  characteristics  and  on  the  scatterer  pattern. 

For  a  given  scatterer,  and  assuming  that  di  4-  df  is  a  constant,  as  either 
diot**  approaches  sero,  the  amplitude  of  the  scattered  signal  at  t^  receiver 
Incb....aw<.  The  maximum  phase  disturbance  is  produced  when  the  scattered 
signal  appears  at  the  receiving  antenna  in  phaH  quadrature  with  the  eidsUng 
field.  A  scatterer  with  the  above  description,  then,  will  have  the  most  effect 
when  it  U  does  to  the  receiver  and  so  placed  as  to  introduce  a  signal  in 
phase  quadrature  with  the  direct  signal. 

If  a  number  of  antennas  are  used  as  part  of  an  array,  then,  unless  an 
unusual  coincidence  prevails,  the  rnaximally  disturbing  phase  will  not  occur 
at  all  antenna  elements  at  the  same  time  and  the  error  will  in  general  tend 
to  average  out. 

Indeed  the  design  of  an  antenna  with  a  null  in  the  direction  of  the  reflect¬ 
ing  object  can  be  considered  as  cquivuient  to  a  selKtion  of  antenne.  element 
geometry,  of  the  adjustment  of  their  feed  lines,  and  of  the  proper  weighting 
of  the  c'^fAcients  for  each  element  so  as  to  cancel  all  phase  and  amplitude 
disturbances  due  to  the  single  reflecting  element. 

If  the  diameter  of  the  reflecting  sphere  Increases,  that  is,  if  hr  approaches 
or  exceeds  unity,  the  effect  of  the  reflecting  object  is  more  difficult  to  analyse. 

Tiic  leflectlng  sphere  under  these  conditions  is  excited  in  higher  modes  and 
thnefore  has  a  nonsymmetrical  reradiating  pattern  vhich  may  at  some  fre¬ 
quencies  produce  no  disturbance  at  the  HF  site,  but  at  other  frequencies  may 
have  a  maximum  effect.  Ihls  will  also  vary  with  the  polarisation  of  the  ex¬ 
citing  wave  and,  of  course,  with  the  positions  of  the  reflecting  object,  of  the 
transmitter,  and  of  the  receiver, 

From  the  mathematical  analysis  for  the  large  sphere,  a  similar  attack  can 
l>e  extended  to  the  very  prolate  sphere  which  Is  the  solution  for  a  wire 
antenna  of  finite  length. 

The  case  of  irregular  sheets  of  metal,  hangers,  and  ship  structures  can 
only  be  estimated  although  attempts  have  been  made  to  formulate  mathe¬ 
matical  models  (Reference  9). 

A  reflecting  object  such  as  a  flat  metil  sheet  many  wavelengths  across 
produces  a  reflection  which  as  Indicated  above  is  dependent  on  the  orienta¬ 
tion  of  the  sheet.  As  the  size  is  Increased,  the  "edge  effect"  (the  radiation  due 
to  excitation  of  the  sheet  near  the  edges  and  to  conductive  currents  from 
other  portions  which  have  not  yet  been  reduced  to  negligible  values  by  the 
rerudiation)  becomes  of  le.ss  and  Ic.hs  lm|)ortance.  Finally,  for  s.  large  sheet 
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and  (or  t  wave  at  norma!  incidence,  the  reflection  it  such  at  would  occur  if  an 
antenna  of  the  ume  area  were  uniformly  excited  acroM  iu  aperture.  At  the 
sheet  it  turned,  ths  major  lube  movea  to  that  it  it  directed  along  a  litM  such 
that  the  Incident  and  reflected  angles  are  the  same  as  in  optics.  There  will  be 
energy  reredistsd  by  a  Riir,or-iobe  structure.  This  mincr-lsbe  structure  de¬ 
pends  on  the  linear  edge  dimensions,  iriiiie  the  main-lobe  structure  Is  more 
nearly  dependent  on  the  area  of  the  sheet.  The  main  lobe  will  not  change 
orientation  u  a  function  of  frequency,  although  the  minor  lobes  will  change. 

10,2il2  Ground  Condastlvfty 

In  direction-finding  equipment,  variations  in  the  dielectric  constant  and 
conductivity  of  the  terrain  in  the  vicinity  of  the  antenna  can  cause  appreci¬ 
able  errors  unless  corrected  by  swamping  such  variations  tiy  high-conduc- 
tivity  screening,  counterpoises,  or  chemical  treatment  of  tlie  ground.  The 
terrain  should  preferably  be  uniform  for  an  area  at  least  3X  In  diameter.  It 
can  be  made  so  by  a  counterpoise  consisting  of  wire  mesh  less  than  O.U 
square. 

A  simple  example  to  show  the  effects  of  irregular  ground  planes  can  be 
presented  by  considering  that,  for  every  direction  of  arrival,  each  clement 
of  the  antenna  must  see  a  similar  image  of  the  transmitting  antenna  in  the 
ground  plane.  As  the  antennas  are  lowered  toward  the  ground  plane,  the 
neceseity  for  uniformity  becomes  more  important,  al  hough  the  area  over 
which  uniformity  must  be  maintained  may  be  smaller.  Uniformity  is  most 
importsnt  for  signals  which  are  descending  since  the  ground  plane  doss  to 
the  antenna  elements  contributes  most  to  ^e  formation  of  the  image  under 
thes:  conditions. 

10,3  Sequential  AmpUtudo-Meaeuromml  Typee 

In  the  sequential  emplituds-measurement  type  of  DF  technique,  a  directive 
antenna  pattern  Is  moved  in  asimuti’  and  the  changes  in  amplitude  are  ob¬ 
served,  the  direction  of  arrival  being  determined  by  the  azimuth  at  which 
some  amplitude  criterion  is  met. 

The  most  common  type  of  antenna  used  is  the  loop  shown  in  Figure 
10-15(<i).  Such  a  circular  loop  carrying  a  uniform  current  distribution  and 
with  a  diameter  d,  small  with  respect  to  the  wavelength  \  of  the  signal,  can 
be  shown  (Figure  10-156)  to  have  &  flgure-eight  pattern  In  the  plane  of  the 
electric  vector — that  is,  in  s  plane  normal  to  any  two  parallel  sides.  As  the 
lixe  of  the  loop  is  increcMd,  higher-order  odd  harmonics  with  respect  to 
azimuth  angle  9  are  introduced  until,  for  a  diameter  of  A,  the  pattern  changes 
to  that  of  Figure  lO-lS(c)  and  for  the  5A-diameter  case  to  that  of  Figure 
lO-lS(fif). 
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Tm.  10-lS.  fu  fifkl  ^ifttUnu  of  loopi  0.1|  1,  and  5  A  In  dfaunoUr  with  uelfona  la- 
phtM  cumnt.  (6)  d  ss  kf^O  (r.)  if  A'  (^) 


If  the  loop  were  arranged  ao  that  iti  plane  were  normal  to  the  ground, 
then  for  a  ilgnal  arriving  parallel  to  the  ground — that  ia,  with  an  angle  of 
elevaJon  equal  to  aero— the  antenna  pattern  would  appear  aa  a  figure-eight 
with  maxinu  i  the  plane  of  the  loop.  Thia  would  hold  only  for  a  vertically 
polarited  aignal,  aince  there  would  be  no  reaponie  to  a  horiaontally  polarlaed 
aignal,  nor,  of  courae,  to  any  horlxontal  component  of  a  complex  polarization. 

If,  on  the  other  hand,  the  aignal  being  received  were  downcoming  and  con¬ 
tained  a  horiaontally  polarised  component,  then  the  loop  would  ahow  a 
maximum  response  to  the  horiaontally  polarised  conq)cnent  in  apace  quad¬ 
rature  with  the  maximum  for  the  vertically  polarised  component.  The  result 
would  be  to  prodixe  an  error  which  would  tend  toward  90*  of  exlmuth  as 
the  polarization  became  entirely  horizontal.  The  error  Is  also  dependent  on 
the  relative  time  phase  of  the  horizontal  to  the  vertical  component  of  the 
incoming  aignal.  For  standard  test  conditions  for  polarization  errors,  the  IRE 
standardt  may  be  consulted  (Reference  10).  Polarization  errors  are  further 
diKussed  in  Section  10.9. 

In  practice,  and  in  its  most  elementary  case,  a  loop  is  rotated  until  the 
audio  output  (if  applicable)  is  either  a  maximum  or  a  minimum.  When  the 
signal  is  at  a  maximum,  the  loop  is  pointing  in  the  direction  of  the  signal 
(^at  is,  its  vertical  sides  are  aligned  in  the  direction  of  the  signal).  If  a 
minimum  is  sought,  then  the  direction  of  arrival  Is  broadside  to  the  loop.  It 
is  generally  advisable  to  seek  a  null,  particularly  when  the  signal-to-noiM 
ratio  is  gc^,  since  the  antenna  pattern  is  changing  most  rapidly  at  that 
point.  Polar  diagrams,  however,  give  an  improper  indication  of  the  true 
sharpness  of  antenna  patterns,  and  it  is  sometimes  better  to  consider  a  plot 
in  rectangular  coordinates. 

The  greatest  rate  of  amplitude  change  with  azimuth  occurs  at  the  null 
position,  although  in  listening  to  a  demodulated  signal,  the  factora  which 
affect  the  diKrimlnatlon  of  the  null  are  fur  more  complicated  and  must  in¬ 
clude  a  considerntion  of  the  percentage  of  modulation,  the  detector  character- 
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btic,  nolM  InUrmodulatloD  efftcU,  and  th«  lofarlthmlc  raaponia  of  tha  Mr. 
Further,  many  varieties  of  nonllinfar  amplitude  circuit  characteristics  may  be 
used  to  produce  an  apparent  sharpening  of  the  antenna  pattern. 


10.3.1  Shielded  Loops 

The  loop  can  be  operated  as  an  eSectric  dipole  (the  so<a!led  monopoie)  by 
connecting  a  receiver  to  cither  or  both  ends  and  to  ground,  either  dlroctly 
or  through  a  capacitor  or  an  inductor.  In  this  cese,  the  pattern  will,  in 
general,  be  omnidirectional  for  vertical  polarisation  except  fer  poalble  ir> 
regular  images  in  the  ground  plane.  This  mode  of  operation  of  the  loop  dis¬ 
torts  the  loop  pattern,  which  may  shift  and  fill  in  the  null. 

This  electric  dipole  effect  can  be  caiKeled  by  shielding  tbs  lo<^  and  ar¬ 
ranging  the  shield  so  that  the  currents  induced  in  each  vertical  member  of 
the  shield  do  not  appear  across  the  input  impedance  of  the  receiver.  This 
arrangement,  shown  in  Figure  10-16,  can  be  compared  to  the  simple  balun  (or 
balance-to-balance  conversion),  the  balanced  loop  output  bMomlng  un¬ 
balanced,  and  the  unbalanced  electric  dipole  effect  induced  on  the  shield, 
canceling  in  the  loop. 


10.8.2  Balanced  Loops 

The  electric  dipole  effect,  which  is  aiso  known  as  “antenna  effect, “  “elec¬ 
trostatic  error,”  “vertical  component,”  and  “stray  vertical,”  can  also  be 


Fio.  10-16.  Shielded  loop  for 
reduction  of  dlpolt  effect. 


Fm.  10-17.  Bel* 
■need  rf  vmpll- 
f^er  for  reduction 
of  dlpule  effect. 


mT' 

L_ 


Fio.  10-18.  Shielded  tr*niformer 
for  t^eductlon  of  dipole  effect, 
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reduced  by  vtrloue  balenclnf  schemee,  aoim  of  which  are  ihown  In  FIguree 
10-17  and  10-18. 


10>8.8  Pancake  Loopa 

For  a  multlturn  loop,,  each  tide  coniiiU  of  a  number  of  conductor!,  each 
turn  of  which  occupiee  a  aucceMivcly  more  remote  poeitlon  from  a  ilgnal 
£Ou:c«,  bivsdslde  to  the  loop.  The  difference  in  poeitlon  produce!  a  differen¬ 
tial  phaae  between  turns  mg  that  a  null  la  no  longer  preient  for  thie  poeitlon. 

Thle  effect  tnn  be  reduced  by  the  uee  of  the  panake  loop  ehown  In  Figure 
10-19.  The  pancake  loop,  however,  has  more  pickup  of  the  electric  dipole 
menticned  above;  hence,  greater  care  must  be  directed  toward  the  reduction 
of  this  asaociated  difficulty. 


10.8.4  Loop  Systama 

To  avoid  the  mechanical  rotation  of  a  lo^,  t).ie  systems  proposed  by 
Bellini  and  Toil  utilising  an  Inductive  goniometer  to  sequentially  sample  a 
pair  of  inclined  antennas  (as  shown  in  Figures  10-3  and  10-4)  hsvn  bven 
ariplied  to  crossed  loops.  Figure  10-30  shows  such  a  crossed-loop  arr«v  as 
U!ied  in  the  Navy  DAK  equipment.  The  DAK  operates  in  ths  frequency 


FiO.  !0-20.  Croi- 
Hd  •  loop  direc¬ 
tion  flnder  (DA 
K)  {or2.10-IS00- 
kc  rana*. 


Kid.  10-10.  Pancnke-loup  nntennii 
to  reduce  quadrature  pickup. 


DIRECTION  FINDING 


10-31 


ranse  250  to  1500  kc  In  two  band«  cpUt  it  610  kc.  Tbt  collector  lystcm  is 
michinicilly  irriiiged  to  mount  on  i  idiip’a  iupcntructure.  The  bearing  in¬ 
dication  is  a  catbode-ray  indicator  which  thows  a  propeller  pattern  of  the 
type  diKuued  in  Section  10.8. 

In  addition  to  the  visual  indication,  it  is  possible  to  mechanically  rotate 
the  goniometer  to  produce  an  aural  null. 

The  gonlomctrlcally  rotated  patterns  have  a  number  of  advantages  over 
the  mechanicariy  rotatable  loop.  The  rotatable  loop,  experience  has  shown, 
requires  about  10  seconds  to  obtain  a  bearing  on  a  signal  having  about  a 
10-db  signal- to-nolse  ratio.  For  a  manually  rotated  goniometer  this  time  was 
reduced  to  about  3  seconds,  udUle  with  a  cathode-ray  indicator,  only  about 
^  second  was  required.  Theac  are  approximate  times  since  much  depends 
on  the  observer’s  skill,  on  propagation  conditions,  and  on  the  signal  charac¬ 
teristics. 

A  crofscd-Ioop  direction  flnder  using  a  goniometer  and  operating  in  the 
hf  range  (1.5-22  Me)  is  shown  in  Figure  10-21.  This  is  a  Navy  DAU  type 
and  is  arranged  for  mounting  atop  stub  nuut  or  aftermast  of  a  vessel.  The 
bearing  presentation  is  a  propeller  pattern  displayed  on  a  cathode-ray  scope. 
The  goniometer  design  and  indicator  details  are  presented  in  Sections  10.7 
and  lO.S. 

Loop  antsnnu  have  also  been  used  at  the  higher  frequencies.  Figure  10-22 
shows  a  loop  antenna  used  on  CXGJ,  a  shipbMrd  direction  flnder  operating 
in  the  frequency  range  of  20-100  Me. 

This  equipment  uses  a  shielded  rotating  loop  (Reference  11)  inside  a 
streamlined  plastic  housing.  The  display  Is  a  cathode-ray  tube  presentation 
with  sense  being  obtained  by  adding  the  output  of  a  dipole  to  the  loop  signal. 

10.8.5  Loop  An  ays 

Loops  may  be  used  u  elements  in  an  array  which  can  then  be  rotated 
to  determine  the  direction  of  arrival.  Loops  can  be  grr  jped  as  linear  multi¬ 
element  broadside,  binomial,  Dolph-Chebyahav  arrayi,  and  can  be  stacked 
vertically  for  more  directivity  in  a  vertical  plane. 

The  binomial  array  may  be  used  to  reduce  the  minor  lobe  diffleuity.  In 
this  type,  all  the  radiators  are  also  connected  in  phaje,  but  the  center  ele¬ 
ments  of  the  array  contribute  more  heavily  to  the  input  of  the  receiver. 

The  design  data  for  these  and  also  the  Dolph-Chebyshev  arrays  may  be 
found  in  a  number  of  references  (c.g.,  page  692  et  seq.  of  Reference  2). 

10.3.6  Spseed  and  Opposed  Loops 

To  reduce  the  error  due  to  horlsontal  polarisation,  many  arrangements  of 
two  or  more  loops  have  been  sugijested.  One  of  these  systems  used  by  three 
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F».  iO-22.  KoUtlaf-loop  dirtcUon  findrr  lor  klrbors*  use  (CXOJ),  20-100-Mc  fra- 

<)y«icy  nai*. 

independent  invNtlfatorR  (Franklin, 
Eckcriley,  and  Waagant)  U  shown  In 
Figure  10-33.  The  two  loop*  are  ar- 
ranged  in  coplanar  fashion  and  con¬ 
nected  out  of  phase.  A  signal  with 
vertical  polarisation  arriving  in  the 
pissic  of  the  loops  produces  an  output 
dependent  on  the  spacing  of  the  loops; 
in  fact,  such  spacing  introduces  s  dif¬ 
ferential  phase  so  that  the  combined 
outputs  of  both  iuops  are  no  longer 
out  of  phase.  The  horizontal  compon- 


fK.  10-22.  Spscsd  and  oppoMd  loops  for 
reduction  of  polorimtion  error. 


ent,  which,  arriving  from  a  direction  broadside  to  the  array,  ordinarily  causes 
difficulty,  it  canceled  in  the  combined  out-of-phase  outputs.  In  this  manner, 
for  the  broadside  arrival  of  a  signal,  minima  exist  for  both  polarisations, 
'ourious  minlnta  can  still  exist  at  angles  of  the  broadside  positions  since 
there  will  be  positions  where  the  vertical  and  horizontal  polarisations  may 
cancel,  producing  an  extraneous  minimum. 


10.3.7  Dipole  Typea 

An  electric  dipole,  arranged  borisontally,  will  have  a  flgure-sight  pattern 
and  may  be  used  as  a  DF  antenna.  Since  there  Is  m  pliase  change  of  ISO'  as 
the  dipole  Is  rotated,  the  output  ran  be  combined  with  a  boriaontal  loop  to 
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obtain  a  lenie  voUage  and  produce  a  cardidd  to  avoid  an  ambiguity  in 
direction  of  ak’rivai.  The  pattern  ior  auch  a  dipole  ie  ahown  in  Figure  10-34. 


(•)  III  M 


Fio.  IO>24.  Dlnctional  ptUtra  of  an  claetric  dlpola  arranaad  bsriiontilly.  (a)  Sipola. 
(b)  CroM  wetion  of  dlrtcttonit  patUra.  (c)  Farapectlvf  viaw  of  dinctSonat  patttm. 

The  uaual  precautions  snuat  be  taken  to  aaaure  a  balanced  output,  aince  an 
insufficient  or  asymmetrical  counterpoise,  or  irregular  nearby  reflecting  ob¬ 
jects,  Kill  not  only  distort  the  pattern  but  also  can  cause  pickup  of  verticsJ 
polarization  ganeiidly  by  causing  unbalance  and  pickup  by  the  transmission 
lines.  Poor  connectors,  faulty  cables,  or  improper  baluns,  can  all  produce 
pattern  distortions  by  what  may  be  considered  u  analogous  to  the  ‘‘electric 
dipole  effect,"  "antenna  effect,"  and  "elactrostatic  error"  for  the  previously 
discussed  case  of  the  lo(^. 

IQ.8.8  Rotating  Cardloid 

If  two  antenna  elements  are  arranged  at  a  distance  between  A/8  and 
A/4  at  the  operating  frequency  and  are  adjusted  in  phase,  an  approximate 
cardioid  can  bs  obtained. 

This  pattern  can  then  be  rotated  to  produce  at  the  output  of  a  receiver 
what  Is  essentially  a  sine  wave  with  a  frequency  equal  to  the  antenna  rota¬ 
tion  rate.  The  phase  of  the  sine  wave  thus  obtained  is  compared  with  the 
position  of  the  loop  by  one  of  many  methods  to  determine  the  direction  of 
arrival. 

Instead  of  deriving  a  voltage  from  each  element  directly,  a  parasitic  ele¬ 
ment  may  be  used  in  place  of  one  antenna.  The  parasitic  element  may  then 
be  rotated  about  the  active  element  as  a  center,  therefore  requiring  no  ro¬ 
tating  feed  and  thus  simplifying  the  mechanical  and  electrical  structure. 

A  rotating  cardloid  antenna  for  direction  finding  in  the  frequency  range 
225-400  Me  is  shown  in  Figure  10-25.  This  is  one  of  two  similar  antennaa 
used  iti  a  space-diversity  arrangement  in  the  AN/CRD-6  equipment. 

Each  antenna  consists  of  a  stationary  vertical  dipolo  around  which  is 
rotated,  at  1800  rpm,  a  parasitic  reflector.  The  dipole  Is  19  inches  long;  the 
reflector  is  23  inches  long  and  locate.'!  inches  from  the  dipole.  An  the 
reflector  rotates,  it  amplitude-modulates  the  received  signal  at  the  rotational 
rate.  Coupled  to  the  drive  motor  M  Is  a  two-phase  generator  G  with  output 
frequency  equal  to  the  amplitude-modulating  frequency. 


Fio.  10-35.  Cardiokt  anttnni  la  usad  on  CRD-6  uhf  dlrtctlon  finder. 

After  detection,  the  phue  of  the  antenna  pattern  modulation  ia  compared 
with  the  phue  of  the  reference  frequency  prpduced  by  the  generator.  The 
phaie  difference  between  the  two  produce!  an  indication  on  the  asimuth 
indicator. 

Figure  10-71  ihowi  a  simplified  block  diagram  of  the  system  arimnged  aa 
a  two-antenna  space-diversity  system.  The  comparator  CM-23/gr  samples 


Flo.  10-36.  Functional  block  dUsram  of  direction  finder  AN /CRD-6.  DF^  la  the  re¬ 
ceiver  output  during  the  operating  period  only. 
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Mch  antenna,  detennlnes  idikh  alfnal  Is  the  stronger,  and  connects  this 
stronger  signal  to  the  aidmuth  indicator. 

After  the  antenna  with  the  stroriger  signal  is  selected,  the  con^ratcr 
continues  to  sample  each  antenna  and  operatee  to  keep  or  exchange  the  con¬ 
nected  antenna  depending  on  which  of  ^  sampled  outputs  is  the  larger. 

Figure  10-27  is  a  simplified  block  diagram  of  the  asimuth  indicsitor  which 


Fio.  1Q>27.  AilRuth  indicator  (or  AN/CKD-A  block  diasrtm. 


feeds  three  visual  Indicating  devices  and  one  aural  unit  (speaker  LSlOl). 

The  phase  meter  MlOl  is  a  mechanical  device  which  indicates  the  bearing 
visually.  The  signal  can  also  be  examined  visually  by  the  cathode-ray  oscil¬ 
loscope  VI 11.  A  third  visual  aid,  1101,  is  a  bearing  Indicator  light  which 
warns  the  observer  when  the  comparator  is  sampling  and  a  reading  may  not 
be  taken. 

10.3>9  Irregular  Pattern  Type 

To  illustrate  that  the  pattern  need  not  be  regular,  symmetrical,  and 
simple,  a  DF  apparatus  with  a  wide  aperture  end  having  u  complex  and  Ir¬ 
regular  a  pattern  as  possible  Is  shown  In  Figure  10-28. 

A  receiver  Ki  is  connected  to  antenna  |1  and  so  arranged  that  as  its  oscil¬ 
lator  is  tuned  to  h,  the  desired  signal,  a  remote  oscillator  generates  a  signal 
at  la  on  an  adjacent  band  to  /t.  This  calibrating  frequency  la  is  transmitted 
toward  the  DF  antenna  |1. 

The  receiver  At  is  arrauiied  tu  have  two  1-f  strips  at  /mo  ~  li  and 
Ivor  ~  It-  The  output  of  each  strip  Is  detected  in  a  separate  detector.  The 
output  of  one  detector,  in  this  case,  that  containing  the  demodulated  la,  is 
applied  to  a  tape  recorder  with  a  movable  pickup  head  and  lo  arranged  to 
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Flo.  A  corrciAtien  dinictlon  ftndtr  urlnj  sn  Irrteulor  ptttirn. 

introduce  a  deity  t  =  l/R  from  fo  to  to  +  (W^)  mlrutee,  where  E  U  the 
roUtionti  rate  of  the  antonns  per  minute,  and  to  It  dictated  by  the  mechani¬ 
cal  design  of  the  recorder. 

The  delayed  output  of  the  recorder  U  fed  to  one  input  of  a  correlator,  and 
the  demodulated  /i  signal  is  fed  to  the  other  input. 

The  correlator  multipliec  both  inputs  together  and  emooths,  performing 
the  operation 

♦aJ/S  =  -Jf  J  ^  -J-  T»)  dt 

The  variable  delay  u  Introduced  by  the  recorder  is  adjusted  to  maximise 
Tills  maximum  occurs  at  rt  ~  tv,  and  this  delay  is  transformed  to  a 
bearing  oi  the  desired  signal  relative  to  the  bearing  of  the  calibrating  oecil- 
iator  It  by  the  simple  relation 

g*  us  (t,,/R)-360* 

where,  as  above,  R  is  the  rotational  rate  of  antenna  |1  per  minute. 
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lO.S.lO  Adeoek  STtlenu 

In  1919  F.  Adcock  p«tented  a  DF  antenna  array  In  which  two  ortbosonal 
flgure-elght  pattern!  were  obtainvd  by  two  pain  of  spaced  vertical  antenna 
element*  utilising  a  goniometer  limiUr  to  the  Bcllini-Toti  iyitcm  and  de¬ 
scribed  in  Section  10.7. 

The  goniometer  wes  arranged  so  that  varying  portions  of  the  output  of 
each  pair  were  sequentially  sampled.  In  this  manner,  a  rotating  flgur*-*i|^t 
pattern  wu  obtained.  The  180*  ambiguity  wu  rt  K,d  by  adding  a  sense 
voltage  from  a  center  antenna. 

'*'''*h  an  Adcock  system,  the  error  due  to  extraneous  horlsonta!  polaris-:;* 
<!lng  present  can  be  minimised  to  a  few  degrees;  however,  a  number 
of  precautlcpj  are  necessary.  The  symmetry  of  the  electric  field  of  each 
antenna  must  be  preserved,  the  ground  plane  must  be  smooth  with  uniform 
conductivity,  and  the  shielding  or  balancing  of  all  horlsontal  cables  and 
feeds  is  of  great  importance.  The  most  important  of  these  is  the  last,  namely, 
the  shielding  or  balancing  of  the  horlsontal  cables. 

Several  variations  of  the  Adcock  system  are  in  use.  At  frequencies  above 
100  Me,  it  is  practical  to  use  dipoles  with  a  balanced  feed  from  each  element 
as  in  the  URD-4,  Figure  10-29(a).  This  array  is  sometimes  called  an  ele¬ 
vated  "K." 


The  180“  ambiguity  of  the  symmet¬ 
rical  pattern  is  resolved  by  outphasing 
one  of  the  elements  of  the  antenna 
with  respect  to  the  other  and  shifting 
the  resulting  bent-back  flgure-cight 
putlern  through  90*  on  the  CRT  so  as 
Fio.  10-59  |4]i  (S)  Besrins  to  point  toward  the  correct  aslmuth.  In 

psltcrn.  no  modulstlon.  (e)  SenM  pstiern,  pijj^rc  10-29(/li)  is  shown  a  CRT  pat- 

no  moduUtlon.  .  ^  j  i  *  j  •  * 

tern  on  a  strong  unmodulated  signal 

and  Figure  10-29 (c)  Iliustrutes  the  scnse-resolving  feature, 


The  URD-4  operates  in  the  fre^ 
quency  range  225.0-399.9  Me,  It  Is  a 
mechanically  rotated  pair  of  dipoles 
motor  driven  at  ^25  rpm.  A  two-phase 
generator  similar  to  the  arrangement 
previous!  described  with  respect  to 
the  CRD-6  (Figure  10-25)  is  used  to 
generate  two  voltages  in  quadraturei 
that  is,  sine  and  cosine  functionSi  for 
application  to  the  plates  of  a  cathode- 
ray  tube  to  form  a  circular  sweep  pat¬ 
tern. 
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Two  “H”  pftin  ctn  bt  arranged  in  a  croeaed  configuration  to  form  an 
elevated  "H**  Adcock  array.  The  pain  can  be  sampled  by  a  goniometer, 
either  motor  driven  or  manually  operated.  The  MqucntiBl  tampling  metliod 
can  aUo  be  replaced  by  a  simultaneoui  uncling  of  both  pain,  but  ayatiinu 
of  this  tort  are  diKusted  under  initantaneoua  typci  (Section  10.6). 

When  Adcock  antenna  array"  are  used,  with  either  a  sequential  or  simut* 
taneoui  sampling  of  the  output  of  each  of  two  created  pairs,  the  precision 
with  which  the  ideal  flgure*clght  patterns  are  maintained  will  determine  the 
ultimate  accuracy  of  the  DF  equipment. 

I!  the  elements  of  a  pair  are  arranged  dote  to  each  other,  that  is,  lew  thiia 
0.1  A  apart,  then  the  antenna  pattern  is  substantially  sinusolda!,  A  goniom¬ 
eter  det!gm»l  to  operate  from  two  crossed  pairs  having  sine  and  cosine 
patterns  with  respect  to  a  reference  aximuth  will,  under  these  conditions, 
show  a  negligible  error. 

The  close  spacing,  however,  will  result  in  an  extremely  small  effective 
aperture  and  therefore  the  sensitivity  of  the  system  will  be  very  low,  since 
the  aperture  is  substantially  prcpurtional  to  <f/A  when  d/K  is  small  (d  =:: 
spacing). 

In  a  four-element  Adcock  for  a  maximum  error  of  2*  at  the  highest  fre¬ 
quency  to  be  received,  the  spacing  between  elements  of  a  pair  should  not 
exceed  0.28  A. 

This  error  will  increase  with  downcomJng  signals,  since  the  effective  spac¬ 
ing  varies  as  sec  4,  where  ^  is  the  elevation  angle  of  the  arriving  signal.  The 
"spacing"  error  increases  with  frequency  and  therefore  imposes  an  upper 
limit  in  frequency  range  beyond  which  the  error  becomes  excessive. 

In  order  to  reduce  this  error,  eight-element  Adcock  arrays  have  been 
developed.  These  arrays  have  four  pairs  of  antenna  elements  symmetrically 
disposed  on  a  circumference.  Two  methods  are  used  to  connect  these  antenna 
pairs. 

In  the  first  method,  each  odu-numbered  antenna  is  connected  to  an  ad¬ 
jacent  antenna  in  the  same  direction,  Each  Interconnected  adjacent  pair 
forms  an  Adcock  element  being  connected  out  of  phase  with  a  diametrically 
opposite  paralleled  pair. 

The  second  method  uses  a  polyphase  goniometer,  the  details  of  which  will 
be  shown  in  a  Inter  section. 

An  eight-element  antenna  system  using  the  polyphase  goniometer  is  shown 
in  Figure  10-30.  This  equipment  Is  known  as  the  GRD-5  and  covers  the 
vhf  band. 

The  eight-element  Adcocks  have  a  reduced  "spacing"  "•‘ror  since  the  output 
of  each  pair  Is  used  over  a  restricted  angular  coverage.  Since  the  distortion 
of  the  figure-eight  diagram  is  least  in  the  vicinity  of  its  maximum  and 
minimum  values,  the  error  is  minimised  by  this  restricted  use  of  each  pair. 
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Fifure  iO-31  ihows  the  tpedns  errors  of  mulUiltinent 
Adcock  systems  usiitf  polypbue  goniometers  (Reference 
12),  In  this  Agure 

N  ss  tots!  number  of  elements 
H  ss  nund)er  of  peira 
d  ss  spacing  between  elements  of  pair 
\  ss  wavelength  to  be  received 
A  ss  maximum  “spacitsg*’  error  in  degrees 

Figure  10-33  shows  the  antersna  system  of  the  SCR* 
291  A.  An  equipment  similar  to  this,  the  DAJ,  was  an 
important  factor  in  nullifying  the  German  submarine 
threat  during  World  War  II.  This  antenna  equipment 
consists  of  two  directional  pairs  and  a  sense  antenna. 
Four  antenna  elements  are  located  at  the  comers  of  a 
2S*foot  square  and  the  Afth  at  the  center.  Each  element 
consists  of  a  vertical  wire  supported  within  a  24-foot 
telescoping  mast  of  plywood  tubing.  The  antenna  pairs 
are  sampled  by  a  motor-driven  Inductive  goniometer 
and  displayed  on  a  S-inch  CRT  indicator,  llte  equip¬ 
ment  covers  the  frequency  range  2.0-10  Me  in  three 
bands.  The  equipment  has  a  ±2*  bearing  readability  for  about  IC^v/m 
held  strength. 

The  display,  which  is  of  a  pr^ller  pattern  type,  it  considered  in  Section 

10.6.1. 

At  the  hf  range  for  permanent  installations,  the  moet  practical  arrange¬ 
ments  are  those  in  which  the  feeda  are  buried  below  t^  surface  of  the 
ground  to  as  to  reduce  the  standard  wave  error.  The  standard  wave  error  is 
a  measure  of  the  immunity  of  the  system  to  polarisation  error. 

The  $tandarit  wave  error  is  deAned  as  the  error  produced  by  a  downeom- 
ing  wave  at  an  elevation  angle  of  45*  and  having  equal  electric  Aeld  com¬ 
ponents  which  are,  respectively.  In  and  at  right  anglea  to  the  vertical  plane 
which  includes  the  DF  antenna  and  the  test  transmitter,  the  phase  relation 
of  the  two  electric-Aeld  components  being  adjusted  to  produce  maximum 
DF  error  (Referencd  10). 

The  burlsu  Adcock  can  further  be  improveu  by  the  use  of  burled  wires  in 
a  counterpoised  arrangement  (Reference  15)  as  ahown  In  Figure  10-53. 
figure  10-3>  steowi  the  reductiona  in  standard  wave  error  for  a  transportable 
Adcock  brought  about  by  the  use  of  radiali  of  various  lengths  in  the  con- 
Aguration  o:  Figure  10-33.  A  loop  transmitter  was  elevated  50  feet  above 
the  ground  at  a  distance  of  400  feet  from  the  DF  array.  The  soil  conduc- 


fia,  10-30.  An  clfht- 
sknent  Adcock  ar¬ 
ray  (or  vhl  UN. 
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Pio.  1(M1.  Upftdag  trroft  of  multiMsiol  A^ock  lyitmo  with  potypbtM  (oalcsutor. 


Aniennt  syitfm  SCR-S91A  bf  Adcock  dirtcUon  ft&dtr  with  block  dlagmin 
of  aaiocUted  auxUlarici. 


10-42 


ELECTRONIC  COUNTERMEASURES 


Fio.  iO-JJ.  Buritd  U  ftnttnmu  with  eoun- 
tirpolN  wirti  and  Mrth  buU  for  nduc- 
ticn  cl  pokriaatlon  crrori. 


Pm.  10-M.  VarteticB  In  pokrlMtloa  error 
with  type  of  radial  iy:ic»t  (or  DP  iMation 
tranaportabit  Adcsek  A  =  with  aorUi 
maU,  no  radUli.  B  as  with  tartk  atati 
and  (our  j]-loot  rtdiala.  C  =  with  earth 
mail  and  (our  200-(oot  radiala,  D  ss  with 
earth  mati  and  elfht  200>(oot  radlab. 


tivtly  WM  moBJund  it  m  10**  mhoo/m  and  tha  permittivity  m  8.85  X 
10”“  F/m  at  5  Me. 

■  From  teat!  of  thii  jort,  It  Is  found  that  lubstantlal  Improvsmcnti  are  pos¬ 
sible  (60*-70*)  by  various  aids  when  the  site  conditions  are  poor.  However, 
If  a  good  site  is  available,  many  precautions  are  unnecessary. 

More  wilt  be  uid  about  counterpoise  arranfoments  in  Section  10.9. 


10.8.11  Reflectors 

To  increase  the  directivity  of  a  slnfie  antenna  ilement  such  as  a  vertical 
dipole  and  not  complicate  the  feed  and  phasing  problem,  a  reflector  is  often 
used.  When  two  flat  sheets  intersecting  at  an  angle  are  used,  a  sharper  pat¬ 
tern  than  a  flat  reflector  is  obtained.  Figure  10-55  shows  the  field  pattern 
for  a  square  corner  reflector  with  an  entenna-to-corner  spacing  of  1.5  X. 

The  rotating  dish  or  reflector  is  employed  in  such  equipments  as  the 
AN/APA-l?  and  AN/ALA-6.  The  rotating  dish.  In  conjunction  with  a  re¬ 
ceiver,  detector,  and  display  unit,  is  utilized  to  provide  a  signal  strength 
versus  aslmuiu  plot  of  the  electromagnetic  environment.  The  indicator  pro¬ 
vides  a  PPI  presentation  from  which  the  angle  of  arrival  is  determined.  The 
rotating  dish  principle  is  illustrated  in  Figure  10-36,  where  an  ideal  signal- 
strength  plot  is  depicted. 
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Ifio.  lO-JS.  Cftkutetid  pitUrn  of  iqiuro  comor-nfltctor  iBUiBitt  with  anteDM-to- 
corntr  i{«eiat  of  l.S  A  rahitlvt  to  A/1  (flpolo  In  fm  ipaot. 


Fig.  10-36.  Rotatlng-dUh  dlnctlon-Andlnt  priucipk. 

The  inteniui  configurttion  utilised  in  the  roUting-dish  diroction  finder  is 
shown  in  Figures  10-37(a)  snd  10’37(3).  Both  borisontelly  nnd  vertically 
polarised  antennas  are  alternately  switched  to  the  receiver  to  permit  recep¬ 
tion  of  both  polarisations.  Since  the  directional  charact''"'^tica  are  in  opposite 
directions,  a  180*  bearing  s.iift  is  produced  when  switcL^aig  between  antennas. 
Compensation  can  be  easily  provided  by  reversing  the  Indicator  ae  one  an¬ 
tenna  is  switched. 

The  rotatlng-dish  direction-finding  technique  has  been  utilised  for  many 
years;  however,  it  hu  a  number  of  difficulties. 

Since  the  signal-strength  plot  is  one  corresponding  to  the  antenna  pattern 
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7ta.  10-17.  AtttMM  eonftfurttioii  uUUHd  la  IIm  rotatinc  dlih  dtrtcUoc  flndtr. 

of  Um  dinKtlon-flndlng  intrant,  pitUrm  will  vary  at  a  function  of  frtq'iMncy 
(tbt  anttnna  it  generally  broadband). 

If  a  rotating  emitter  (tuch  at  a  radar)  it  intercepted,  dlttortions  in  the 
tignal-ttrengtb  plot  are  quite  probably  due  to  the  trartmitter  lobe  atructure 
which  in  turn  givet  erroneoua  azimuUi  data. 

At  fraquenciec  below  1000  Me,  the  dith  becomee  too  large  to  permit  Itt 
UM  on  hi^-tpeed  aircraft. 

10.5.12  MlacallaiMouB  Elamante 

Often  it  it  advantageous  to  ute  antenna  elements  other  than  loopa  or 
dipokf. 

Dlelectiic  rods,  helixee,  terminated  wave  antennaa,  rhomblca,  half  rhom- 
bict  over  an  image  plane,  tlou  of  many  conAgurationi,  open-ended  wave¬ 
guides,  dielectrlc-loa^  and  ridge-loaded  horns,  all  have  been  used  and 
offer  certain  advantaget  depending  upon  the  application.  The  characierittlcs 
of  tuch  radiating  elements  are  discussed  in  Chapter  29,  “Antennaa  and 
Trtntmitsion  Linet." 

10.8.13  Wido-Aperture  Syetenu— Sequential  Amplltude-MoMure- 

ment  Types 

At  the  radio  wave  propagates  in  space  over  an  irregular  terrain,  it  is 
absorbed,  reflected,  diffracted,  and  refracted.  Irregularities  along  the  ground, 
both  natural  and  man  nude,  distort  the  wavefront  so  that,  at  a  given  point, 
a  mcuurement  of  the  apparent  direction  of  arrival  nuy  have  large  errors. 

Figure  10-38  shows  a  representative  condition  when  the  field  from  a  signal 
source  R  is  affected  by  a  strong  reradlating  source  at  5.  Direction  Anders 
located  at  phase  dUcontinuitles  A,  B,  C,  D,  and  E  would  show  large  errors. 
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Fu.  1(MI.  EqulpbAM  contour*. 


Ho««v«r,  if  a  l«r|«  aperture  DF  array  U  UNd  extending  well  beyond  the 
polnta  of  maxlnsum  phaee  disturbance,  the  error  jnay  be  reduced  eubeUntlally 
by  averaginf  or  by  ntore  tophiiUcated  etatictlcal  procedures, 

The  problem  of  exploring  the  field  over  a  large  area,  f.e.,  many  wave¬ 
length!,  if  relatively  elmple  at  frequencies  above  1000  Me,  since  antenna 
directivity  can  easily  be  achieved  by  the  use  of  arrays  and  parabolic  re¬ 
flectors;  and  this  directivity  can  be  used  to  separate  the  primary  source 
from  secondary  or  extraneous  sources. 

At  the  lower  frequencies  and  in  particular  at  hf,  high  diructivity  requires 
large  physical  antenna  structures  which  cannot  readily  be  rotated  mechani¬ 
cally  to  determine  the  asimutb  of  the  strongest  signal. 

Antenna  arrays  are  dlKUSsed  briefly  in  the  foregoing  text.  The  effect  of 
the  ground  plane  on  the  design  will  d^nd  on  the  polarisation  being  used. 
At  the  vhf  and  uhf  bands,  the  ground  can  be  considered  as  a  pei'fect  con¬ 
ductor  for  horisontal  polarisation.  The  reflect  wave  Is  under  those  condi¬ 
tions  equal  to  the  incident  wave  but  phase  reversed  so  that  an  out-of-phase 
image  la  produced. 

For  vertical  polarisation  at  grasing  incidence,  the  reflection  coefficient  Is 
essentially  the  same  for  both  polaritaiiona.  For  other  angles,  however,  the 
phase  and  amplitude  of  the  reflected  wr.ve  changes  and  is  also  dependent  on 
the  electromagnetic  properties  of  the  ground. 


10.8.14  Lobe-Switehing  Arrays 

By  proper  phase-change  switching,  the  major  lobe  of  an  array  may  be 
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made  to  move  through  an  equal  angle  on  either  aide  of  the  plane  normal  to 
the  array,  Thie  lobe  iwltching  la  ao  arranged  that  the  amplitude  of  a  algnal 
normal  to  the  array  remalna  conatant  alnce  the  antenna  gain  for  thla  poolticm 
la  conatant  for  both  lobe  poaltlona.  The  larray  la  then  rotated  alowly  while 
the  lobe  awitching  la  done  rapidly  enough  ao  aa  to  obtain  aeveral  aamplaa  for 
each  incremental  poaitlon.  llie  rotational  rate  la  therefore  determined  by 
beam  i  lA.'irpneaa.  Figure  10-39  ahowa  the  antenna  pattern  In  both  poaltlona. 

The  advantage  of  a  lobe-switched  array  lies  in 
the  feature  that  the  croaa-over  point  or  point  of 
equal  amplitude  in  both  lobe  pcsiticna  can  be 
selected  at  a  high  signal  level  and  yet  be  a  point 
where  the  antenna  pattern  is  changing  moat 
rapidly  with  asimuth.  The  pattern  will,  however, 
change  with  frequency  w  that,  in  general,  lobe- 
iwitchlng  methods  are  limited  to  narrow  frequency 
ranges. 

10.8,15  Beam-Shifting  Arraya 

Fra.  10-39,  Switchsd  lobe  dl-  jqqq  Mc  and  above,  sharp  beams  can  be 
rectlon  lindtr.  obtained  from  reflectors  that  are  sufficiently  small 

(approximately  12  feet  diameter  for  s  5°  beamwidth).  These  dishes  are  still 
small  enough  to  be  mechanically  rotated  for  ship  and  shore  Installations,  and 
useful  when  the  signal  last  sufficiently  long  to  be  intercepted  by  the  beam 
rotation.  Systems  which  obtain  the  direction  of  arrival  on  a  single  pulse  are 
deKribed  in  Section  10.6. 

At  frequencies  below  100  Mc  and  in  particular  at  hf  (3-30  Mc),  the 
arraya  become  large  and  are  only  feuible  for  ground-based  installations. 

One  of  the  early  applications  of  beam-shifting  arrays  was  the  MUSA 
system  (Reference  14)  used  for  the  improvement  of  transoceanic  communi¬ 
cations  in  the  presence  of  multipath  and  other  propagation  difficulties. 

This  system,  called  MUSA  (Multiple  Unit  Steerable  Antenna),  used,  in 
its  first  phase,  an  endfire  array  of  rhombics  ao  arranged  as  to  be  steerable 
in  the  vertical  plane.  A  variable  phase  shifter  was  associated  with  each 
antenna  operating  at  the  i-f  of  the  receiver.  Six  rhombic  antennas  were  used, 
each  antenna  going  to  a  mixer  and  a  phase  shifter.  The  outputs  of  the  five 
phase  shifters  (the  first  antenna  not  requiring  a  phase  shifter  since  it  served 
as  a  reference  phase)  were  then  fed  into  a  supplementary  receiver  which 
provided  the  gain  and  aecond-detectur  functions.  In  this  system  several 
branches  of  ganged  phase  shifters  were  provided  so  that  several  beams  could 
be  synthesized  at  one  time  and  several  vertical  angles  could  be  viewed 
simultaneously. 
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TIm  MUS/  lyitem  wss  extended  lubiequently  to  the  genereticn  of  beeme 
which  could  i«  eteered  In  esltnuth  (Reference  15).  Thle  modlflcBtlon  wm 
ueed  to  itudv  Utcril  devUtione  from  the  London-New  York  great-circle 
path  and  thtwed  that,  during  “all-dayllght”  path  condltloni,  multipath 
propagation  vwa  bunched  in  or  near  the  great-circle  plane.  During  perloda  of 
dark  or  partially  illuminated  path  condition*,  the  prt^^agation  wae  not 
limited  to  tht  general  vicinity  of  the  great-circle  plane  but  would,  under 
condition*  of  ionoepheric  dUturbance*,  even  of  moderate  intenilty,  involve 
path*  *outh  of  the  great  circle.  At  time*,  wide  southerly  deviati^  up  to 
75*  were  foutd  from  5  to  15  Me.  Simuitaneou*  deviations  of  about  10*  were 
found  at  time  ( on  9,  ?,  and  5  Me. 

Figure  10-<»0(a)  *1mw*  the  broadeide  array  ueed  for  the  formation  of  the 
horlaontally  i  teerable  beam*.  The  aeymmetry  which  recult*  due  to  the  mu¬ 
tual  coupling  of  adjacent  antenna*  not  existing  at  the  end  element*  i*  par¬ 
tially  compen  tated  for  by  the  u*e  of  dummy  element*  at  c:ch  end. 

Figure  iO-tO(b)  i*  a  echematic  of  the  MUSA  receiving  epparatu*;  the 
output  of  eath  antenna  is  combined  linearly  at  1-f.  If  further  reduction  of 
minor  lobe*  rwre  required,  the  combination  of  the  outputs  could  be  weighted 
in  favor  of  tho  middle  elements  to  approxinute  a  binomial  distribution. ' 

The  cage  liro&dside  MUSA  was  designed  to  have  high  directivity  consis¬ 
tent  with  a  l  ingle-lobed  response.  The  highest  frequency  for  which  slngle- 
iobed  response  is  required  determines  the  spacing  of  adjacent  elements 
which  must  )ie  K/2  at  /mi.  Figure  10-41  shows  the  calculated  patterns  at 
10  Me  (/mi!  and  5  Me  (/mi/2).  The  back  lobes  can  be  reduc^  if  neces¬ 
sary  by  u*ln{  unidirectional  configurations  for  each  antenna  element. 

If  back  rsdiation  from  each  element  is  suppressed  and  the  number  of 
active  elemetts  is  Increased  to  eight,  the  patterns  of  Figures  ! 0-42 (a)  and 
42(A)  can  bt  obtained.  These  patterns  srere  calculated  for  a  synthetic  array 
in  which  the  phase  at  each  antenna  is  recorded  with  respect  to  a  reference 
antenna,  and  a  computer  used  to  synthesize,  after  the  reception,  the  optimum 
pattern  (Refirences  16  and  17). 

10.3.16  [Circular  Arrays 

The  use  o!  DF  arrays  having  narrow  beams  has  a  number  of  advantag'S. 
In  the  hf  rar.  ge,  multipath  signals  can  sometimes  be  reaolved  and  a  more  ac¬ 
curate  bearii  ff,  obtained.  In  addition,  the  usual  advantages  of  a  large  aper¬ 
ture  array  In  giving  good  bearings  under  poor  site  conditions  prevail.  Whether 
a  large  nperl  >ire  using  doppler  or  a  sharp  beam  is  best  depends  on  the  dis¬ 
tribution  in  izimuth  of  the  reflecting  objects,  and  on  whether  the  total  re¬ 
flected  energ;.  comes  from  a  few  large  objects  or  many  small  ones. 

Returning  to  the  wide-aperture  narrow-beam  type:  the  number  of  elements 
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?io.  10-41.  KoliionUl  pitM  dirscUoMl  pattinu  of  u|t  brotdiidt  MUSA.  TIm  iB»e« 
lobt  U  k  roMlt  of  tbo  omtiMlnctioMl  ulmutk  polttm  for  Nch  ca|t  tlooMl.  ^  b  tb« 
fuadonunUl  vcriobit  phaio  ibifl  of  Flgura  10-40(o;. 

In  th«  MUSA  can  b«  extended  end  ai'nicted  in  a  drcle  in  the  event  that  a 
full  360*  coverage  la  required.  Ihli  la  what  the  Oermana  did  during  World 
War  II  in  developing  the  Wullenweber. 

Inatead  of  u.iing  tumped  phaac-ahifting  networka  opcratli^  at  1-f,  the  Wul- 
lenweber,  at  aome  tacriflee  in  aeniltivlty,  uaed  a  goniometer  with  delay  Ilnea 
connected  to  about  one-third  of  the  element!,  contiguoualy  lelected.  The 
delay  iinea  were  adjuated  to  bring  into  phaae  the  output!  of  thete  adjacent 
antennaa.  The  goniometer  progresiively  aelected,  in  a  rotating  faahlon,  each 
group  of  antennaa.  Figure  10-43 (a)  ihows  the  bulc  principle  of  the  Wul- 
lenwebcr.  Figttre  10-43(6)  ihcwi  a  120-eIcment  array  with  a  diameter  of 
1000  feet  init,'.n<!d  on  the  facilitiei  of  the  Unlverilry  of  Illinoli  near  Urbana, 
Illinolf. 

With  the  Wullenweber,  only  a  portion  of  the  total  aperture  ii  used  at  any 
one  time,  usually  approximately  onc-third  of  the  elements.  If  more  then  one- 
third  of  the  elcmenta  are  uaed,  the  goniometer  becomea  complex,  the  longest 
delay  lines  become  bulky  and  lossy,  and  the  performance  is  not  appreciably 
impro'  sd. 

The  goniometer  and  delay-line  configuration  present  some  serious  design 
problems.  Each  antenna  feeds  the  receiver  through  a  transmission  line  which 
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The  proper  deeign  of  LMlatioc  empllfleri  et  etch  utteuM  would  moreovif 
permit  the  •Imultiaeous  uae  of  the  erray  for  more  than  one  tlgnal,  or  the 
continuous  monitoring  of  one  signal  source  while  other  atlmuths  are  being 
examined  for  new  signals. 

Instrumental  eccursdee  of  better  than  can  be  obtained  with 
apertures  above  100  Me. 

At  hf,  the  limit  in  accuracy  will  generally  be  due  to  propagation  phenom¬ 
ena.  At  ranges  from  0  to  30,000  km,  substantial  deviations  from  t^  great- 
circle  routes  have  been  crqperienced  (References  II,  19,  and  30).  It  has 
been  suggected  (Reference  31)  that  this  effect  is  a  lateral  deviation  produced 
by  tilts  in  the  icnospbere  caused  by  diffraction  processes  in  the  Fi  la}^. 
The  tilting  of  the  refiKting  laj'sr  is  insufficient  to  produce  the  slsaNe  devia¬ 
tions.  These  phenomena  are  illustrated  In  Flguree  10-44(e),  (I),  and  (c). 
Figure  10-44(s)  shows  the  end-on  view  of  the  prism  effect  in  the  refracting 
layer,  producing  a  lateral  deviation  to  the  left.  Figure  10-44(h)  shows  ths 


Flo.  10-44.  (•)  Tb*  tnd-on  vtfw  o{  th*  priun  tfftet  in  tht  rf(rar<iai  Uytr.  (b)  Tbt 
(Id*  view  of  th*  rafraetlon  phfnoiMncn  In  th«  F|-\iy(r  with  nllcctlon  Irsn  ths  F|- 
Uytr,  (e)  Tb*  iymm«irieal  n'raetlon  from  •  unilorei  F, -layer. 

side  view  of  the  refraction  phenomenon  in  the  Fi  with  reflection  from  the  Ft 
layer.  Figure  10-44(c)  shows  the  symmetrical  refraction  from  a  uniform  F, 
layer. 

These  effects  are  slow  variations  due  to  gradual  changes  in  ionosphere  con¬ 
figurations  averaged  over  yi  to  1  hour.  There  are,  of  course,  the  rapid  fluc¬ 
tuations  due  to  interierence  effects  of  multipath  propagation.  Figure  10-45 
shows  the  results  of  tests  with  a  wide-aperture  Interferometer  on  hf  iono¬ 
sphere-reflected  signals  (Reference  23). 

Tile  question  is  still  to  be  resolved  whether  a  wide-aperture  syitcm  of  N 
elenenU  located  in  one  area  is  capable,  at  hf,  of  yielding  better  accuracies 
on  distant  signals  than  that  numter  of  elements  arranged  in  a  number  of 
Adcocks  with  space  diversity. 
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Fio.  10>4S,  Hbtofnmn  of  bterini  dcvUUoM  from  tht  ibmd  for  Mcb  hour  of  Um  montbi 
At  tht  top  U  given  tht  fUtlon,  fnxiutncy  In  kllocyclM,  locitlon,  tiul  month. 


If  Um  proptgation  is  by  ionosphere  reflection  and  if  the  disturbance  In 
the  phaN  front  of  the  electromaKnetic  field  due  to  a  plurality  of  reflecUnf 
aroM  are  grouped  closely  together,  then  Uiese  phase-front  disturbances 
change  very  slowly  with  distance  in  the  vicinity  of  the  receiver, 

For  example,  if  two  images  of  the  transmitter— one  as  a  result  of  the 
Fflayer  and  the  other  as  a  rMult  of  the  Fi-layer  but  refracted  by  the  Fi- 
layer — are  considered,  tbcee  rays  may  at  a  time  and  at  a  distance  of  2000 
km  be  separated  by  S'.  Under  these  conditions  the  phase  front  at  the  receiver 
would  be  distorted  by  cyciical  phase  changes  at  distances  of 

a  =  V*in  5* 

For  example,  if  A  ss  SO  meters,  the  quantity  t  is 

S  =  30m/0.087  =  345  meters 

Attempts  to  average  out  the  disturbance  would  require  an  aperture  several 
times  8,  depending  on  the  residue  error  to  be  tolerated,  or  an  aperture  of 
over  1000  meters  at  X  =  30  meters, 

If  the  reflecting  or  refracting  objects  are  remote  and  close  together,  then 
a  wlde-aperture  system  would  be  impractically  large.  If,  on  the  other  hand, 
local  reflecting  objects  or  a  poor  ground  plane  is  encountered  and.  In  particu¬ 
lar,  if  the  aximuth  of  these  reflecting  objects  is  substantially  different  from 
that  of  the  desired  signals,  then  medium-  and  large-aperture  systems  will 
substantially  reduce  the  error. 
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The  design  of  s  vide-eperture  eyste;?!  should  Uke  into  Kcouni  the  general 
direction  in  which  the  ilgnaU  are  expected  to  arrive  and  the  locations  of 
various  unavoidable  reflecting  objKte.  Accurate  data  are  required  (Referen- 
If  the  reflecting  or  refracting  objects  are  remote  and  dose  tether,  then 
CH  23  and  24)  on  ionosphere  statistics  for  daily  and  seasonal  period  and 
under  conditions  of  unusual  magnetic  and  solar  activity. 


10.S.17  Doppler  Direction-Finding  Syelenu 
The  wide-aperture  DF  system  using  doppler  techniques  is  considered 
under  sequential  phase-measurement  systems  (Section  10-4). 


10.8.18  Multilobe  and  Interferometer  Types 

In  airborne  applications  for  hlgh•^K)td  aircraft,  at  frequencies  below 
200  Me,  it  Is  di^ult  to  design  DF  systems  with  reasonable  accurades 
(±5*  )and  not  introduce  excessive  aerodynamic  dreg.  If  two  widely  sepa¬ 
rated  antennas  are  used  to  create  a  multllobe  structure,  the  bearing  of  a  sig¬ 
nal  can  be  obtained  by  observing  the  «ic;ruil  variations  as  the  aircraft  niovea 
through  the  signal.  This  systenk  is  icmrdmes  called  the  two-aerial  inter¬ 
ferometer.  This  technique  is  used  on  the  ASQ-18  airborne  reconnaissance 
system  operating  from  70  to  1000  Me. 

In  this  nystnm,  the  antenna  elements  arc  spaced  at  a  distance  d,  v/hich  is 
usefully  3  to  10  A.  It  can  be  shown  that  the  resulting  Interference  pattern  will 
contain  rails  which  occur  at  azimuth  angles  given  by  (see  Figures  10-46  and 
10-47): 


flu  =  sin'*  (n\/d) 


where  fin  =  null  angle 

N  =  0,  1,  2,  3,  etc. 

A  s=  wavelength 
d  =  distance  between  elements 
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Hm  uifS«  bttwMD  fuccMSiiv*  nuJl<  U 

0as  (fiH  +  l)  -  finss  iln’*  -  lin'* 

If  Um  Mienoft  qwcliit  it  luft  comptred  to  one  wevelenpth, 

§mk/d 


Utiliting  Um  known  portion  of  nullt  in  Um  ulmuthel  interference  pattern 
of  two  or  four  antennas  and  correlaUn;;  tbit  with  the  naviption  data  and 
intercepted  ilgnal  strcnfth  for  a  given  emitter,  it  becocnee  poatible  to  deter¬ 
mine  Um  direcUon  of  the  emitter  when  it  hat  gone  through  three  tucceeadve 
nulla.  If  the  locaUon  of  the  emitter  it  aiq;>rc3dmateiy  known  bcforrttaad, 
then  a  directional  cut  can  bo  (rirtatned  from  one  or  two  null  recordinp. 

In  practice  the  interference  pattern  generated  by  two  elementt  will  be 
modifled  by  the  individual  radiaUon  pattemt  of  ths  Uementi,  However,  at 
long  u  these  are  easentially  omnidirectional  is  regions  of  interest,  and  ns 
long  as  unwanted  nulls  are  minimised,  the  interferometer  will  yield  much 
useful  Information. 


fregurwy  Imegmyilee) 


Fio.  10*47.  Antfnnioradittlon-pftttern  nulls 
as  a  function  of  frequency  wlng-tlp 
antennas  on  an  RB-47E  aircraft. 


This  method  make*  no  pre- 
judgments  of  the  antenna  pat¬ 
tern  of  the  emitter  whose 
direcUon  is  sought,  but  requires 
only  that  the  ir.teiferometer  be 
moved  in  a  reasonably  etralght 
line  and  that  It  be  illuminated 
often  enough  to  trace  out  the 
null  modulation  which  it  has 
Mtablished  by  its  own  r.-.ongtruc- 
Uon. 


10.S.19  Lmis  Types 

While  vsrious  types  of  lenses 
can  be  used  to  obtain  a  shaped 
beam,  the  Luneberg  lens  Is  the 
only  one  which  has  an  impor¬ 
tant  use  in  microwave  direction 
finding. 

R.  K.  Luneberg  suggested 
(Reference  25)  a  nonhomoge* 
neous  lens  for  providing  a  360* 
scan  by  moving  only  the  pri- 
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nary  feed.  Such  »  kni  must  b«  rcdiaily  synunetrical.  Int  rtfrtctiv*  index 
must  then  vsry  with  the  <fidUil  distance  from  the  center  to  the  circumference. 
The  des!(B  of  the  lens  (Fifure  1048)  and  the  chdee  of  the  refractive 

index  must  be  such  that  •  plane 
*  phase  front  impingent  on  the  lens 

'  circumference  will  focus  the  wave  at 

a  point  F,  which  is  the  far  end  of  a 
diameter  perpendicular  to  the  phaM 
front. 

To  fulAI]  this  condition,  the  in¬ 
tegral  of  the  refractive  index  times 
the  element  <fr  must  be  the  same  for 
ail  paths  from  the  aperture  AB  (see 
Figure  10-48)  to  the  feed  F, 

By  providing  a  mutiplicity  of  probes 
or  feeds  which  consist  of  ^polei 
arranged  at  an  angle  of  45*  to  the 
plane  of  the  lens,  the  system  can  be 
made  to  operate  instantaneously.  The 
dipoles  are  arranged  at  45*  so  as  to 
be  "transparent”  for  the  wave  impingent  at  that  portion  of  the  circumference. 
Figure  1(M9  shows  a  spherical  Luneberg  lens  similar  to  that  used  on  the 


1 

Fm.  10-41.  Xsy  paths  and  pbast  (ronti  ia 

Lucsbaix 


Fio.  10-49.  Spbtrical  I.UMbcri  Isbi  limllsr  to  that  uiad  on  AN/DLD-1. 
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i\N/DLD-l  RiicroirAve  rtcoDnelMAiict  Mt,  iHiicfa  b  aq  Alrbora#  Aqulpment 
optTAtidf  In  thA  (rcqumcy  rangt  1000-40,000  Me.  TbrAt  Lunebtif  tentts 
Art  iHcd  to  cover  tbo  nuigi  1000-9100  Me,  whib  An  Amy  of  borm  eovtn 
the  rnnee  9100-40,000  Me. 

The  Luneberg  lem  u  uaed  In  the  AN/DLD-!  equipment  hei  fifteen  out¬ 
puts  eech  connected  to  a  video  receiver.  Ite  design  b  luch  ai  to  obtAin  a 
benring  on  a  ibort-duration  rAdAr  liguAl  since  It  operates  on  en  InstAntAoeous 
comperison  of  sdjAcent  sectors  rather  then  on  a  sequentlAl  eiqiloratlon  or 
scanning  process.  The  AN/DLD-1  is  therefore  clssslfled  as  en  InstAOtAneotss 
type  end  will  be  described  in  Section  10.6. 

10.4  SeqiMDllAl  PhAee-Monewrenieat  Typee 

The  direction  of  aitIvaI  of  a  signAl  can  be  determined  by  moving  an 
antenna  from  point  to  point  in  a  hortsontAl  plane  and  noting  the  i^iAse 
change  that  results.  A  phase  change  of  2w  ndiiuas  per  second  b  equivalent 
to  A  do{^cr  frequency  shift  of  1  cj^e.  The  field  m*y  be  probed  dther  by 
moving  an  antenna  mechanicAlly,  or  by  having  a  fixed  d^loymeat  of  an- 
tennu  and  switching  sequentially  from  one  to  the  other. 

Figure  10-50  shows  the  coi^ltlons  for  the  mechanical  movement  ef  a 
probe  in  a  circle  about  a  vertical  axb  0. 


Fto.  10-50.  Sc<|ucnti»]  phsM-DMMurtmtnt  (doppitr)  dlrictlon  Sndtr. 

Let  the  field  picked  up  by  an  antenna  element  in  a  stationary  condition  be 


e  =  Eo  tin  u(  =  2wj, 


where  /«  =  frequency  of  rf  signal. 

When  the  antenna  element  b  rotated  by  an  angle  5,  this  voltage  is  subject 
to  a  phase  shift  (2w/\)f  cos  B  from  the  origin  and  becomes 
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(SO-P) 


wheirfi  a  s= 

But  if  #  it  rotated  at  a  uniform  rate  **«  and  #  sc  mut,  then 
t  ss  Eti  lin  ^  1*^  ^ 

If  the  rotating  antenna  output  ie  applied  to  a  linear  diecriminator  or 
detector  eo  that  the  output 


(lO-IO) 


$B  ss  K  cot  ant 

where  K  ia  dependent  on  the  circuit  ccmatanU,  then 

dtu/if  sc  0 


when  9  ss  0*,  180*,  360’,  etc. 

Therefore,  the  direction  of  arrival  can  be  determined  by  obeerving  when 
the  doppler  shift  is  either  aero  (when  the  antenna  is  moving  tangential  to  the 
equiphase  lines)  or  when  the  doppler  shift  is  a  maximum  (when  the  antenna 
is  moving  in  the  dire«,t!on  to  or  from  the  signal  source). 

In  the  case  of  continuous  sampling  of  the  output,  with  a  sinusoidal  phase 
detector,  one  has 


Do  =  sin  '  ct)S  ^  s=  sin  (R  cos  mit) 

where  the  quantity  R  sc  (2ir/A)r  is  half  the  aperture  in  electrical  radians. 
The  phase-detector  output  yields  a  series  of  odd  harmonics,  since,  using  a 
new  reference  time, 


Do  =  sin  (Ruin  w|f) 

sc  2  [  /j(R)  tin  IBS#  +  /«(R)  eln  3bii#  +  A(f?)  •!«  S“if  . . . 

4"  ^»n  +  s(f?)  •**’  (2»-|-l)wi<  4  .  .  .  ] 


Analysis  of  this  is  found  in  Reference  26.  Analyses  of  other  cases  for  the 
Mquential  examination  o#  the  output  of  a  :iUir.ber  of  antennas  arranged  on 
the  circumference  of  a  circle  are  found  in  References  27,  28,  29,  and  30. 

When  the  sampling  of  the  phase  is  by  a  step-by-step  examination  of  the 
output  of  a  series  of  antennas,  the  samplings  may  be  considered  as  a  square- 
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wftvt  phut  moduItUon  of  the  ilgnal;  thif  proctM  produce#  a  nuritber  of 
lidebfende,  the  fpcctrum  beis(  rtkied  to  the  geometiy  of  the  umpling. 

To  avoid  diftortiocs  due  to  the  phue-detectcr  chuacterietic,  it  bu  bees 
propoitd  to  cotiiprite  the  phue  chaiigei  by  iakiag  the  viuerrace  in  pbaee 
among  eeveral  antennu  (Reference  26). 

A  dopptcr  lyitem  utlng  a  rotating  lemiiUng  antenna  moved  over  the 
circumference  of  a  circle  of  many  wavelengthi  will  encounter  a  number  of 
{duue*front  diftortiona.  The  dlitance  between  the  phau  perturbatiou  U 
determined  by  the  angle  between  the  direct  aignal  and  the  reflecting  object, 
and  the  magnitude  of  the  reflection, 

At  the  field  it  explored,  the  apparent  equipbate  front  will  move  back  and 
forth  through  the  true  phaae  front.  An  averaging  proceat  will  tend  toward 
an  error  which  approachea  aero  u  the  exploring  path  it  made  larger  and 
larger.  The  retidual  error  $m  can  be  thown  to  be  approximately 

=:-ptan  ^ 

where  D  —  diameter  of  templing  circle  in  metera 
A  =  wavelength  of  aignal  in  metera 
Eji  =  fleld  due  to  reflecting  object 
Ed  ^  fleld  due  to  direct  aignal 

There  are  a  number  of  direction  flndcrt  available  here  and  abroad  utilia* 
ing  the  doppler  principle.  The  prlncipls  of  operation  la  tlmply  to  tequen* 
tialiy  twitch  from  element  to  element  of  the  array  and,  after  extracting  the 
doppler  modulation  tbua  introduced,  to  compare  thla  with  a  reference  voltage 
aynchroniaed  with  the  antenna  commutating  rate.  The  phaac  of  the  doppler 
deviation  with  reepect  to  the  reference  voltage  indicatea  the  direction  of 
arrival. 

The  varloua  ayatema  differ  chiefly  in  the  uae  of  a  mechanical  or  electronic 
commutation,  frequency  range  covered,  and  the  type  of  indication. 

The  antenna  arraya  generally  have  from  12  to  30  dipolea  leaa  than  A/2 
apart  and  apaced  equally  around  the  circumference  of  a  circle.  Figure  10-51 
ahowa  an  antenna  array  of  30  dipolea  operating  in  the  uhf  range. 

Figure  10-52  ahowa  a  block  diagram  of  a  ayatem  uaing  electronic  commuta¬ 
tion.  Thia  equipment  usea  a  dual-channel,  double-auperheterodyne  receiver 
with  a  common  oscillator.  One  receiver  aection  ampliflea  the  aequentially 
awitched  DF  antenna  signal,  while  the  other  ampliflea  the  auxiliary-  or 
reference-antenna  output.  The  second  i-f  outputs  of  the  two  channels  are 
applied  to  a  phase-comparison  circuit,  which  extracts  the  bearing  information 
and  provides  an  Input  for  the  bearing  display  and  indicator  unit. 
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Fn.  iO-M.  WidJ>bMr>UM  doppkr  dincUon  Anden  for  vhf  raaft  luScc  JO  dipokt. 


■HOWOl 


F:o.  10-53.  Dopptor  direction  finder  with  II  tnlennaa  oporetlng  In  the  vhf  band  Uiing 

diodei  for  commutation. 
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Hit  phase^eompAriii^  circuit  detiioduUtM  tb«  DF  {Miats-modiibiMd  lipiftl 
by  con^firing  it  with  ths  rtitrsno  sigsu!  froc»  th«  sUticssury  kuxi'iary  &a* 
itnxw.  The  low-frequency  uraplitude  mveform  thui  produced  ie  compered 
with  t  reference  waveform  of  ^  leme  frequency  In  the  beering  reeoiver  unit. 
The  reference  low-frequency  wave  U  derived  from  the  entenne  ewiiching 
dreuita. 

The  vcluge  output  of  the  beering  reeoiver  is  proportionei  to  the  sice  and 
coalne  compo-'ienta  of  the  beering  angle.  The^  voltagee  are  applied  to  a 
bearing  di^lay  ampilfler,  where  they  are  used  to  produce  a  itrobe  wave¬ 
form  for  the  CRT  indieatofe 

Various  antenna-switching  arrangements  are  in  use.  Gaseous  diodes,  fired 
by  a  commutating  pulse,  semiconductor  diodes,  vacuum-tube  gates,  or 
mechanical  conductive  or  capacitive  switches  may  be  used  to  s«iucntially 
scan  the  various  antenna  elements. 

The  scanning  process  may  sequentially  scan  each  antenna  around  the 
drcumference  or  mey  be  a  coo^riaon  of  tha  phase  et  threo  or  four  adjacent 
antenne  sectors;  see  the  mechanical  capacitive  templing  procedure  of  Figure 
10-Si.  In  thla  acheme  the  acqueiKe  in  sampling  this  antennas  is  as  fdlom: 
1,  3,  3, 4  ...  4,  i, ...  4,  5,  6, ... . 

This  sequence  produces  an  oscilla¬ 
tory  scanning  and  reiults  In  a  fre¬ 
quency  deviation  dependent  on  the 
direction  of  arrival  of  the  signal.  This 
deviation  it  greatest  when  the  sampling 
sequence  is  at  right  angles  to  the 
cqulphase  contours,  and  zero  when  it 
Is  along  a  line  of  equal  phase. 

10.4.1  Phaee  Compeurtaon  Types 

During  the  eerly  pert  of  World  Wer  Cspadtivs  eommutsUni  device 

II  a  series  cf  phase-comparlscn  sys- 

tenu  Wire  developed  for  the  Navy  which  had  drslgnations  of  CXGL  (300- 
1000  Me),  SRD-9  (223-400  Me),  and  DBG  (90-400  Me).  These  equipmenU 
utilized  four  antenna  sectors,  each  of  which  covered  a  quadrant.  A  block 
diagram  of  a  phase-comparison  sector  type  is  shown  in  Figure  10-54.  The 
sectors  could  be  located  independently  of  each  other  in  positions  best  suited 
for  covering  the  assigned  azimuth  sector. 

The  information  from  the  four  sectors  was  fed  sequentially,  by  meatu  of 
a  synchronously  rotating  capacitive  commutator,  to  a  receiver  and  indicator. 
Each  of  the  four  antenna  assemblies  consisted  of  a  set  of  two  identical  an¬ 
tenna  elements  mounted  in  a  cavity.  A  broadband  antenna  assembly  for  the 
CXGL  in  the  frequency  range  3cb-10C0  Me  is  shown  In  Figure  10-55.  A 
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Fio.  I0-S4.  8RD-9  ph«M-cei»p«tlion  (our-Kctor  dinction  findtr  (or  225>400-Mc  rtn|t. 

D  ss  dummy  intcniM ;  A  =  icUvt  antcnnc. 

p«rtition  wu  pUccd  bttwMn  tb«  two  rtceiving  tlemtnti,  Knd  ths  array  was 
coverad  with  a  radome  to  form  a  nearly  flush  antenna.  In  back  of  Um  two 
antenna  elements  were  mounted  two  balance  boxes  for  converting  the  antenna 
outputs  from  a  balanced  to  an  unbalanced  line. 

Tlie  goniometer  was  a  slotted  transmission  line  type  which  inserted  a 
differential  phase  shift  in  the  indi*'!dual  antenna  outputs,  as  shown  in  Figure 
10-12.  The  goniometer  is  described  in  greater  detail  in  Section  10-7. 

Figure  10-56  shows  a  schematic  of  one  of  the  goniometer  and  antenna- 
array  combinations.  The  two  antennas  of  the  array  are  separated  by  a  dis¬ 
tance  2d,  and  a  signal  originating  at  some  distant  point  P  is  shown  arriving 
at  an  angle  6  measured  from  the  normal  to  the  plane  of  the  antennas. 
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Fio.  10-SS.  AnUniw  array  CXOL,  300>1000  Me.  Pnau-compariion  dirtcllon  fiitdar. 

Since  the  diiUnce  to  the  tranimltter  P  U  very  Urge  compered  to  li,  then 
AP  end  CP  ere  eaeentUlIy  pareliel  end  sntenne  U  2d  sin  0  Urther  from 
point  P  then  is  entenne  $2.  The  field  st  eatenna  |1  U  therefore  reUrded 
from  thfit  at  antenna  |2  by  [2cf(360')/A]  sin  0  electrical  degrees.  With 
reference  to  the  midpoint  it  is  seen  that  the  field  R\  at  antenna  |1  and  the 
field  £t  et  antenna  |2  is  given  by 


E,  =  £«+'■"  sin  0 
£,  =  £«-•<'»' sin  0 

where  £  Is  a  constant  depending  on  the  field  strength  and  the  antenna  char- 
acteristics. 

A  comparison  of  the  relative  phase  between  Vi  and  Va  can  be  used  to 
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Flo,  iO*SS,  Ooniomttfr  tnd  anttnM  array,  a  s  di^laccmtnt  ol  voltraatar  from 
ctnttr,  ifl  akctrlcal  dcxrtti  24  =  antanna  ipaelni,  In  mstari.  4'  =  4(160/ A)  =  an- 
Itrma  tpaclni.  In  chctrkal  drfrasi. 

detarmine  the  direction  of  arrival  4. 

If  there  is  mutual  coupling  between  the  two  antennaa,  then 

=  I  -  M*-  ^  ain  6) 


and 


Va  =  <C  ***'  »fn  «  +  Af*-«'  ain  $) 

where  M  la  a  complex  quantity  representing  the  coefAcient  of  mutual  coup¬ 
ling  between  the  antennaa.  Thia  quantity  M  muat  be  reduced  to  a  small 
quantity  or  made  independent  of  4  in  order  to  prevent  error  from  thia  cause. 

The  baffles  inserted  In  the  antenna  array  (Figure  10-55)  were  used  to 
reduce  the  mutual  coupling  between  antennas. 

Figure  10-57  shows  an  antenna  sector  for  the  SRD-9  mounted  on  the 
U.S.S.  Leyte.  This  equipment  is  a  phase-comparison  system  for  the  225-4(X)- 
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tw.  10^57.  An  nnttnan  Mctor  of  tbt  8RD-9  |rf)au>eo«|<iri«en  dinetion  fimitri  opor- 
ktlnf  In  the  froqiHDcy  rnni*  225-400  Me.  Tht  iwo  outiMi  tntnnu  nre  dummlM  UMd 
to  nduct  tho  trror  from  rautuni  coopUng  bttWHC  mUddc  tkinonti. 

Me  ruuje.  Tho  kntciuut  elements  are  short  broadband  terminated  V’s  which 
with  their  images  in  the  ground  plane  form  four  miniature  vertical  rhombics. 
In  this  case,  the  manual  coupling  is  not  reduced  but  made  substantially 
independent  of  6  by  the  use  of  the  two  outside  antennas  which  are  dummies 
and  not  connected  to  the  system  (Reference  51 ). 

10.4.2  Interferometere 

It  is  pointed  out  in  Section  10.1  that  all  methode  of  direction  finding 
utilise  the  phase  of  the  field  vectors.  Some  systems  encode  the  phase  of  the 
field  vectors  by  transforming  the  phase  relations  at  two  or  more  points  into 
amplitude  functions  of  the  direction  of  arrival.  Other  methods  compare  the 
phase,  by  means  of  some  Instrumentation  external  to  the  antenna,  of  two 
or  more  points  in  space  either  simultaneously  or  sequentially. 

.Depending  on  the  encoding  process  used  in  the  collectors,  tome  systems 
designated  as  Interferometers  ars  more  properly  classified  as  amplitude  com¬ 
parison  methods.  The  Wuiienweber  and  MUSA  systems,  while  displaying 
sharp  directivity  patterns,  are  strictly  phase-comparison  syste.ms. 

The  latter  wide-aperture  types  were  included  for  convenience  in  Section 
tO.3. 
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Tbcr«  krt  k  numbtr  of  dtroctlon-fiiHilitt  ted>nlquM  wUcii  are  calkd  Inter- 
f«rom«ttr  or  diffr«ctloc-|ratlng  motboda.  Tba  CXGL,  a  MqiMnUal  phas* 
compariion  DF  (Flgurf  10-56),  may  ba  regarded  aa  a  diffraction-grating  type 
with  each  antanna  being  a  secondary  source  so  that  the  poaition  of  the  Aret- 
order  spectrum  determines  the  direction  of  arrival.  If  the  spacing  2d  between 
secondary  sources  antenna  $1  and  antenna  |2  is  of  the  mtSsr  of  155  elec¬ 
trical  degrees  or  less  for  the  hipest  frequency  being  received,  then,  for  ap¬ 
proximately  a  quadrant,  only  one  null  in  the  interference  pattern  will  be 
encountered. 

The  two-antenna  interferometer  is  by  daselflrjUon  a  sequential  amplitude 
method  and  has  been  described  in  Section  10  3  in  connection  with  reconnais¬ 
sance  Mt  ASQ-18.  In  this  method  a  multilobe  pattern  is  generated  by 
combining  the  outputs  of  two  antennas  separated  by  many  wavetengths. 
Each  antenna  has  enough  directivity  so  that  adjacent  lobes  on  the  multilobe 
pattern  liavc  noticeably  different  amplitudes  and,  aa  a  source  swetpe  throufdr 
the  multilobe  pattern,  arnblguities  can  be  resolved  by  identifying  the  Ic^ 
producing  the  maximum  signal. 

Various  methods  of  shifting  or  rotating  fbe  lobn  by  the  use  of  phas? 
shifters  for  large  base-line  interferometers  have  been  devised.  These  methods 
are  directed  toward  separating  discrete  sources  of  signal  from  distributed 
sources,  a  problem  often  encountered  in  radio  astronomy.  This,  in  direction- 
flnding  practice.  Is  equivslent.  to  siparatlng  a  signal  from  extraneous  signals 
in  a  site  where  there  are  no  large  reflecting  objects  but  rather  a  large  number 
of  snwll  reflectors.  Artiflees  iiuch  as  phase  switching,  and  rotating-Iobe  inter¬ 
ferometer  techniques  are  directed  toward  using  more  thoroughly  the  informs- 
tion  concerning  the  field  vectors  available  at  the  antennae.  These  methods 
are  diKussed  under  error-reducing  technique!,  in  Section  10.9. 

Puitdetection  correlation  used  in  interferometer  techniques  is  discussed 
under  time-difference  methods  (Section  10.5)  since  they  involve  the  nMOSure- 
ment  of  the  relative  phases  of  components  within  the  acceptance  band.  This 
is  equivslent  to  determining  suitsbie  reference  points  on  the  envelope  of  the 
detected  signal. 

IG.S  Time-Difference  Scanning  Methods 

The  phase-comparison  systems  described  in  Section  10.4  depend  on  the 
measurement  of  the  rf  phase  of  a  signal  P  at  antenna  |1  as  compared  with 
the  phase  of  the  same  signal  at  an  antenna  $2  close  by  (Figure  10-56).  If  the 
spacing  of  the  antennas  2d  exceeds  A/2,  then  an  ambiguity  will  be  encoun¬ 
tered,  since  the  same  phase  relation  will  exist  for  more  than  one  angle  of 
arrival.  While  larger  spacings  can  be  used,  a  method  of  resolving  the  am¬ 
biguities  must  be  provided.  In  the  Consol  system  of  navigation  (the  Sonne 
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lynttm  uMd  by  th«  Ocrmtna  In  World  War  II)  tbc  ambiguity  b  resolved  by 
an  auxUbry  low*BCcu7acy  direction  finder  (Rcicreoce  33). 

When  the  etructure  of  the  tlgna!  ii  controibble,  aa  in  the  case  of  tMvip> 
tione!  signab  from  a  beacon  or  range,  the  resolution  b  natively  sin^b.  For 
the  caN  of  an  unmodulated  signal  whoso  asimuth  b  required  from  a  dircc< 
tion-finder  station,  the  phase  of  the  signal  repeats  itsdf  every  cyck,  so  that, 
as  Indicated  above,  for  large  spacing  of  the  antennas  it  is  not  known  adietbcr 
the  values  of  phase  being  compared  pertain  to  the  same  ot  to  different  cycles. 
In  order  to  avoid  ambiguit'M  the  measurements  should  be  confined  to  the 
same  cycle.  A  cycle  of  convenient  duratbn  may  be  obtained  by  providing  a 
signal  of  frequency  /i  adjacent  to  /i  and  utilid ng  the  modulation  component 
of  frequency  U  —  }$.  In  this  case  the  signal  consbts  of  twe  rf  components 
and  its  idtaie  reference  b  (Stained  at  the  beginning  of  each  (/i  —  /i)  eyeb. 
Such  reference  is  then  taken  at  the  irutant  at  which  both  slfoab  crois  the 
time  axb  simultaneously.  The  ambiguities  which  exbt  for  brge  antenna 
spacings  can  then  be  resolved  since  the  total  number  of  'ycles  between  two 
successive  simultaneof’s  aero  crossinp  Is  known  and  the  phMS«<omparisoh 
measurement  can  be  determined. 

In  an  amplitude-modubted  sigtwl  the  phase  of  the  sidebands  with  regard 
to  a  carrier  produces  an  envelope  change.  For  a  pulsed  signal,  the  rebtive 
phases  of  the  rf  components  produce  the  amplitV'^b  changes.  Therefore,  a 
means  is  avaibbb  for  resolving  the  phase  ambiguities  inherent  in  a  f^uue 
comparison  system  with  wide  antenna  spacing.  The  ability  to  attablish  a 
reference  from  the  envelope  b  determine  by  the  bandwidth  of  the  trans* 
mbeion,  the  slgnahto-nobe  ratio,  and  the  smearing  of  the  envelope  caused  by 
propagation  scintillation  effects.  The  usual  signal  has  a  ratio  ot  2  ^B/j,  less 
than  or  equal  to  0.1,  where  /,  b  the  spectral  density  point  of  maximum 
power  and  AR  b  t^  bandwidth  meuured  from  f,  to  either  half-power 
point.  Thuo,  if  the  highest  (/«)  and  the  bweit  (ft)  frequency  components 
in  the  transmbeion  can  be  Albred  out  and  their  rebtive  phases  measured  by 
the  determination  of  the  common  eero  crocsing  points,  a  phase  reference  can 
be  obtained  Avety  1/3  AR  seconds  or  (150  X  10*)/AR  meters. 

The  stability  of  the  transmitter,  the  characteristics  of  the  propagation 
path,  and  the  duration  of  the  signal  determine  the  amount  of  filtering  that 
can  be  applied  to  the  separation  of  In  and  }i.  The  filtering  will,  in  turn, 
determine,  in  the  presence  of  noise,  the  probability  of  resolving  the  sero 
crossing  to  a  given  accuracy  (References  33,  34).  Since  the  filtering  of  defi¬ 
nite  portions  of  the  transmission  U  generally  impractica!,  it  is  customary  to 
detect  and  cstsbiish  the  signal  envelope  at  each  of  two  locations  and  deter' 
mine  the  corresponding  difference  In  time  of  arrival  from  an  examination  of 
the  two  envelopes, 
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Thli  procws,  which  uses  two  rcc«tvin|  tUUoiu  with  wide  s^MU’ttions  to 
deUrmine  the  line  on  edUch  the  transmitter  is  locsted,  is  the  reverts  of  the 
loran  system  of  nevifstion  in  which  two  synchronised  and  known  transmit¬ 
ters  and  a  single  receiver  are  used  to  determine  the  locus  of  the  rtceiving 
point.  The  DF  technique  is  consequently  often  referred  to  u  the  InvcrM 
loran  system. 

If  tl»  distance  between  receiving  points  is  small  and  about  0.01  or  Ism  of 
the  distance  to  the  transmitter,  the  geometry  will  be  as  shewn  in  Figure 
10-10. 

The  inverse  loran  methods  can  be  ciassifted  into  two  categories  depending 
on  whether  the  system  is  a  sequential,  that  is,  i  scanning,  method,  or  an 
instantaneous,  absolute  method.  The  first  of  thsM  will  be  discussed  here;  the 


Instantaneous  type  will  be  covered  In  Section  10.6. 

A  system  of  direction  finding  based  on 
a  sequential  examination  of  delay  to  de¬ 


termine  the  diflerence  In  time  of  arrival 
of  a  signal  at  two  spaced  antenna  arrays 
Is  shown  In  Figure  10-S8. 

Two  antenna  arrays  are  separated  by 
an  approximate  distance 

i  s=  v/^B 

where  AR  is  postdetection  ft'. ter  band¬ 
width  and  V  Is  the  velocity  of  light. 

Each  antenna  is  connected  to  a  receiver 
tuned  to  the  desired  signal.  After  detec¬ 
tion  and  Altering,  the  output  of  one  filter 
F\  is  delayed  by  an  adjustable  amount 
and  fed  into  a  correlator.  The  output  of 
each  Alter  is  fed  Into  the  other  input  of 
the  correlator.  The  output  of  each  filter 
is  also  rectifted  end  filtered  to  obtain  the 
rms  values  Vx  and  Fg,  respectively.  These 
rms  values  arp  multiplied  together  and 
the  result  is  utilized  to  normalize  the  cor¬ 
relator  output.  The  quantity 

K  =  ♦is/l'iF, 


Fio.  10-58.  Poitdetector  correlator  dl-  normalized  correletlon  co- 

rccilon  finder.  cfftclcnl. 
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The  deUy  r  li  now  tdjiuted  until  X  ii  a  maximum,  Thia  delay  ra«ii 
the  latency  In  time  of  arrivnl  of  the  signal  at  one  antenna  with  rc^>ect  to 
the  other. 

The  correlator  ia  described  more  fully  under  instrumentation  in  Section 

** 

*  V*  e  e 

A  second  DF  technique  used  on  wideband  signals  such  u  radar  pulses 
is  shown  In  Figure  10-39.  iVntennu  |1  and  $2  are  each  connected  to  a  crys¬ 
tal  detector  followed  by  a  video  ampli- 
Aer.  The  output  of  each  crystal  video 
receiver  is  connected  to  a  delay  line. 
The  vertical  plates  of  ■  cathode-ray 
oscilloscope  are  connected  to  a  switch 
which  selects  various  taps  on  a  delay 
line,  and  the  horizontal  plates  of  the 
oscilloscope  are  connected  to  select  the 
taps  on  the  other  delay  line.  These  con¬ 
nections  are  sequential  so  as  to  in- 
create  the  delay  for  the  signil  from 
one  antenna  at  the  delay  for  the  signal 
from  the  other  is  decreased.  The  taps 
selected  yield  the  closest  in-pha«e  con¬ 
figuration  for  the  Lisujous  figure  on 
the  Mcilloscope  face. 

Figure  10-60  shows  tome  figures  ob¬ 
tained  with  this  technique. 

10.6  Inatantanaoaa  Typ«a 

In  order  to  obtain  a  bearing  on  a 
signal  which  is  of  short  duration  it  is 
desirable  to  use  DF  techniques  which 
will  yield  a  bearing  in  the  same  time 
Fio.  10-39.  Cryiul-Vldso  Invtrn  lorsn  dl-  interval  required  for  the  detection  of 
reclion-ftndinK  uchntque.  signal 

Direction  flndera  which  accomplish  thia  are  called  instantaneoui  typea. 
Rapid*acannlng  technlquea  are  not  included  in  th!a  cftlegory  aince  auch 
techniquea  reiiult  in  a  wider  bandwidth  requirement  and  therefore  In  a  dete¬ 
rioration  of  ai»nal*to-noiae  ratio. 

10a6sl  Inatontmeoua  Compariaoii  of  Amplitude 

The  inat^ntaneoua  compariaon  of  the  amplitude  of  a  aignal  from  the  two 
paira  of  antennaa  forming  an  Adcock  array  may  be  used  to  determine  the 
direction  of  arrival.  The  output  from  each  Adcock  pair  ia  fed  to  aeparnte  re- 
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fio.  10-60.  Ltmjout  figurti  for  dfilty  line,  tnvtrfti  lortn  lysttm;  100*foot  but  Un« 

X-bifid  radar. 

caivera.  The  output  of  one  receiver  ic  applied  to  one  aet  of  defiectlon  platee 
of  a  catbode-ray*tube  indicator  and  the  output  of  the  other  receiver  to  the 
other  set  of  deflection  platee.  The  slope  of  the  in-phase  Liiaajoue  flfuro 
indicates  the  direction  of  arrival  of  the  signal. 

Quadrant  identifleation  must  be  obtained  from  a  measurement  of  the 
relative  rf  phases  of  the  antenna  outputs  or  from  a  separate  *^sense’’  antenna. 
Often  t  third  receiver  is  used  for  this  purpoesi  the  output  of  which  is  com¬ 
bined  with  the  output  of  the  two  main-channel  receivers  at  i-f . 

Since  in  systems  of  this  type  the  amplitude  comparison  is  on  an  instant- 
to*instant  basis,  any  distortions  of  waveform  due  to  phase  shift  in  the  rf 
or  video  circuits  will  produce  an  error.  An  asymmetrical  ampUfleation  ot  side¬ 
bands  will  also  result  In  a  bearing  error. 

The  design  of  balanced  receivers  provides  for  stage-by-stage  equalisation 
with  ganged  controls  and  paralleled  trimming  auxiliaries.  Frequent  cali¬ 
bration  is  necessary  since  it  Is  difAcult  to  maintain  equal  receiver  performance 
over  cyclical  temperature  and  humidity  changes.  Vibration  being  considered 
as  an  unreasonable  complication,  equipments  with  such  balanced  receivers 
are  not  designed  for  mobile  use. 
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A  DF  fyittm  in  which  tb«rt  is  a  comparison  of  tbs  signals  recaivsd 
siiaulunoously  by  two  or  more  antenna  anays  having  substantially  ortho- 
gonal  directive  patterns  may  be  classified  as  an  instantaneous  amplitude- 
comparison  type. 

Such  a  system  with  carefully  balanced  reedysrs  was  used  by  Watsoa- 
Watt  and  Herd  (Reference  SS)  for  obtaining  instantaneous  bearings  on  elec¬ 
tromagnetic  radio  sources  of  atmospheric  origin. 

A  system  using  a  feur-dement  Adcock  array  Is  shown  in  Figure  10-6i . 


Fio.  10-61.  DirtcUon-ftneUng  lyiltra  uilng  t  (our-«lemn>t  Adcock  trny.  In  Um  snltnni 
polar  petttm,  F  =  ih*  sngto  batwMn  thi  uimuth  of  dlrrctlon  of  arrhai  and  a  llrif 
perpendicular  to  th«  line  Jolnint  the  two  anttnnai. 

Each  of  the  opposite  pairs  of  the  elevated  K  array  Is  connected  to  a  receiver, 
the  N-S  pair  being  connected  to  receiver  gl  and  the  E-W  pair  to  receiver  g3. 
The  receivers  must  have  a  gain  fur  weak  sign&'i  of  about  160  db,  and  must 
maintain  this  equality  of  gain  for  various  signal  levels  and  at  all  frequencies 
within  the  tuning  range. 

An  instantaneous  type  of  DF  equipment  using  crossed  loopr  is  shown  In 
Figure  10-62.  This  equipment,  designated  as  the  AN^TRO-V,  covers  the 
60-300-Mc  range  and  was  Intended  primarily  for  the  location  of  Jammers 
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i)pertting  againtt  rtdlo-fua«d  weaponi.  The  fraquancy  range  U  covered  in 
two  banda,  60-150  Me,  and  150-500  Me.  A  central  tanae  antenna  providaa 
a  ilgna!  which,  when  ampliftad  and  combined  at  i-f  with  either  of  the  two 
aimilarly  ampiiiiad  outputs  of  the  loopa,  producea  a  cardloid  pattern.  The 
quadrant  in  which  the  signal  originated  can  thus  be  identiflad. 

The  military  did  not  use  many  of  these  equipments  because  of  the  un¬ 
usually  high  skill  required  by  field  personnel  to  keep  them  in  opwating 
condition.  Typical  field  tests  showed  that  elaborate  aligning  procedures  had 
to  be  repeated  at  intervals  of  less  than  one  hour  in  order  to  obtain  useful 
performance. 

An  alternative  method  of  amplifying  the  signals  from  the  orthogonal-pat- 
tern  antenna  arrays  is  to  identify  each  signal  by  a  characteristic  modulation 
and  then  employ  a  consmon  receiver  for  ali  channels.  This  method  is  com- 
roonly  called  the  single-receiver  system. 

The  single-receiver  system  is  particularly  applicable  to  the  usual  ampli¬ 
tude-modulated  communication-type  signals.  Although  the  single-receiver 
system  will,  in  general,  be  more  susceptible  to  error  when  more  than  one 
signal  is  being  received  at  one  time,  its  stability  and  reliability  more  than 
make  up  for  this  deficiency. 

Deli^rete  jamming,  however,  may  cause  cciutiderable  diffculty  with  the 
single-receiver  system,  and  the  instantaneous  feature  of  the  system  may  not 
be  worth  the  loss  of  a  certain  amount  of  immunity  to  jismming. 
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Tbt  tnotbod  of  !dcntlfyin(  tbc  dgatl  which  U  fad  from  Mch  of  the  two 
Adcock  p«lra  may  be  tccompliahcd  In  ■  variety  of  waya. 

In  ono  ayatam  (Raferanca  36)  each  of  the  algnala  from  the  Adcock  palra  la 
modulated  by  a  laparata  audio-frequency  while  the  canter  or  omnidirectional 
antenna  ia  modulated  by  a  third  audio-frequency.  After  amplification  and 
detection,  the  three  au^o  components  are  aeparatad  by  thrM  ftltert.  The 
audio-frequcnciea  which  were  u^  to  modulate  the  directional  eletnents  are 
translated  to  the  same  frequency  as  the  third  or  omnidiractional  modulating 
signal. 

llie  two  directional  components  may  be  used,  by  arranging  them  in  time 
quadrature,  in  generating  a  propeller  pattern  on  an  oadlioacope  screen.  The 
component  from  the  omnidirectional  antenna  may  be  added,  with  a  phase 
adjustment,  to  the  quadrature  voltages  to  produce  an  asymmetry  and  resolve 
the  ISO*  ambiguity. 

A  version  of  t^  single  receiver  system  using  two  audio  modulating  fre¬ 
quencies  has  been  used  to  improve  the  indication  by  making  the  rectified 
carrier  level  substantially  independent  of  azimuth.  In  this  modifed  system 
(Reference  37)  the  output  of  each  directional  pair  is  modulated  by  a  dif¬ 
ferent  audio-frequency  by  means  of  a  balanced  modulator.  The  carrier  is 
suppraseed  by  the  modulators  and  restored  after  amplification  by  the  addition 
of  the  signal,  properly  phased,  from  the  omnidirectional  center  element. 

The  output  o!  the  receiver  consists  of  two  audio-frequency  components 
whose  relative  amplitude  is  a  function  of  the  bearing  of  the  signal. 

A  further  modification  of  the  two-tone  system  led  to  the  use  of  sine  and 
cosine  components  of  a  single  audio  tone,  llie  phase  of  the  audio  tone,  after 
amplification,  demodulation,  and  filtering,  is  then  a  measure  of  the  direction 
of  arrival  of  the  signal.  The  bearing  is  obtained  by  comparing  the  phase  of 
the  filter  output  with  the  modulating  audio-oecillator,  after  suitable  calibra¬ 
tion.  The  system  is  similar  to  the  instrumentation  proposed  and  used  in  the 
quadrature-field  goniometer  (References  38,  39). 

Although  the  use  of  the  orthogonal  functions  of  a  single  frequency  is  more 
economical  of  channel  cspacity,  nevertheless,  if  phase  shifts  are  encountered 
in  the  receiver,  producing  a  phase  change  in  the  modulation  frequency,  an 
error  equal  to  that  phase  change  Is  encountered  (or  all  directions  of  arrival. 
The  UM  of  two  frequencies,  on  the  other  hand,  produces  an  error  of  quad- 
rantal  form  which  is  zero  for  the  four  quadrature  directions  and  of  the  form 

StH  =  (cos  28)  (1  —  cos  «) 

where  a  is  the  modulation  envelope  phuse  shift,  and  6  is  the  true  bearing  nf 
the  signal. 

A  single  receiver,  selective  modulation,  instantaneous  Adcock  DF  sys¬ 
tem  is  shown  111  bl<Kk  diagram  form  in  Figure  10-63.  The  output  of 


10-74 


ELECTRONIC  COUNTERMEASURES 


_ H 


hssMif 

•am 

Zj 

/N - J 

rH  hn 

V - ^ 

_rr_R. 

m  mmm 

"TTSST 

• 

tii- 

1 

Fio.  10-6J,  IntUnUiMoui  Adcock  DF  cyiUttt  uciiif  ■  litijic  roctivtr  witk  Micciiyt 

modulation. 

OAch  of  the  two  iliametricklly  oppoeed  pain  £-W  and  N-S  b  coiuectcd 
to  the  E-W  and  N-S  babnced  nuxlulatort,  respectively.  The  output  of 
the  center  or  omnidirectional  antenna  it  amplifled  and  combined  to  furnbh 
an  admuth  independent  carrier  in  place  of  the  ■uppreeeed  carrieri  in  the 
output  of  the  m^ubtora.  The  combined  signal  b  t^n  ampit&ed,  demodu- 
bted,  and  Altered  by  the  receiver.  The  output  of  the  receiver  b  ampliAod  by 
an  audio  arnpHAer  and  connected  to  the  signal  coil  of  the  DF  indicator. 

A  pair  of  flxed  space-quadrature  Aeld  coib  is  provided  In  the  Indicator, 
the  N-S  pair  being  excited  by  a  current  fi  from  oscilbtor  /i  and  the  E-W 
by  a  current  it  from  thj  oscilbtor  /t. 

The  in-phase  comrunents  of  each  frequency  exert  torques  in  space  quadra¬ 
ture  so  that  the  pointer  auumes  a  position  at  which  the  average  value  of 
these  torques  b  aero. 

With  a  system  of  this  kind  the  Instrumenul  accuracy  (neglecting  siting 
and  polarisation  errors)  can  be  such  u  to  produce  errors  of  less  than  ±4* 
at  the  leut  favorable  frequency  and  azimuth  positions.  Of  thb,  approxi¬ 
mately  half  of  the  error  is  of  quadrantal  nature  and  with  some  labor  at  proper 
calibration  can  be  reduced  substantially. 

10.6.2  “Wide-Open”  Systems 

For  Axing  the  location  of  radar  signal  sources,  it  is  often  necessary  to 
employ  special  techniques.  The  signals  under  these  conditions  are  pulsed, 
short-duration  bursts,  modulated  from  pulse  to  pulse  by  the  antenna  rotation, 
and  may  have  the  additional  feature  of  pulse-to-pulse  frequency  shift. 

The  range  of  a  radar  set  is  given  by  the  simple  relation: 

R»  —  0.ll46(A/*r)'* 

where  A  is  a  constant  depending  on  a  Urge  number  of  factors  Including  pulse 
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width,  wavdength,  tffectivt  Urgtt  area,  Iomm,  aad  aotesoa  gain,  whilt  Pr 
la  Um  paak  tr&3a»iitt«f  powe;. 

SInca  tha  ranga  within  which  tha  datactlon  and  DF  oparationa  an  ba  par* 
fonnad  la  a  function  of  tha  iquare  root  of  Pe,  lesa  aanaitiva  raalvart  may  ba 
uaad  for  tbaaa  ^Tarationa  than  for  tha  radar  function. 

A  widtband  crystal  vidao  receivar  is  gansraliy  adequate  for  llne-of-aight 
airborna  intercepts  aga  ^round  radars  at  altititdes  up  to  about  40,000  feet. 

For  longer  rangaa,  encountered  at  higher  altitudes  or  iditn  interception  is 
naceaeary  on  weak  minor  lobaa,  an  rf  ampHfler,  usually  using  a  TWT,  is 
interposed  ahead  of  tha  crystal  for  increased  sensitivity. 

A  crystal  video  amplifier  is  shown  in  Figure  10-64. 


Fio-  10-44.  AN/A8Q-23  crystal  vkSao  ampUAcr  and  couat-down  unit. 

Since  crystal  vidao  raccivera  an  ba  made  stnali  and  compact,  it  is  possible 
to  design  instantaneous  types  of  direction  Anders  using  a  number  of  such 
receivers  each  of  trhlch  is  associated  with  a  horn  or  other  directive  antenna. 

The  antenna  need  not  be  centrally  loated  but  an  be  placed  at  convenient 
poaUIoiis  on  the  periphery  of  the  vehlcie  or  platform  so  as  to  view  a  relatively 
unobstructed  sector. 

An  instantaneous  amplitude-comparison  system  of  this  type  may  have  a 
completely  separate  chaniwl  for  each  antenna  s«Ktor  or,  since  tha  duty  cycles 
of  pulsed  radar  transmissions  are  iow,  after  preltmina.ry  ampliftcation,  the 
outputs  of  each  horn  may  be  sequeniialiy  amplifled  by  introducing  a  different 
delay  for  each  output. 
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Flo.  10-65.  Slapllfinl  block  dUgrain  (or  ono-third  of  on  AN/APD-4  lyitem. 

(CONFIDENTIAL) 

Figure  10-65  ihowi  a  Rimpllfitd  block  diagram  of  an  operational  initan- 
taneoui  direction  flnder,  the  AN/APD-4,  operating  in  the  frequency  range 
1000  to  33,000  Me.  Thli  frequency  range  i>  covered  in  three  bandt. 

The  equipment  uiei  twelve  horn  antennae  for  each  of  the  three  frequency 
bands.  Each  horn  antenna  has  associated  with  it  two  probes,  <Kie  for  vertical 
and  the  other  for  horizontal  polarisation.  Each  probe  is  connected  to  a  pre¬ 
amplifier  to  bring  the  level  a^ve  the  noise  level  of  the  subsequent  amplifiers 
by  an  amount  equal  to  or  greater  than  the  losn  in  the  delay  lines  which  fol¬ 
low  it. 

In  order  to  avoid  having  to  provide  a  complete  amplifier  Including  a  high- 
level  output  stage  with  each  horn  output,  a  delay  line  is  provided  which  in¬ 
troduces  an  incrementally  greater  delay  in  each  successive  antenna  output. 
The  result  is  to  produce,  from  a  single  nolge  signal,  a  series  of  pulses  sequen¬ 
tially  staggered  in  time  which  can  then  be  fed  through  a  single  amplifier. 

The  signal  is  displayed  on  a  cathode-ray  tube  and  recorded  photographi¬ 
cally,  as  shown  in  Figure  10-66. 

The  display  is  arranged  so  that  a  single  pulso  produces,  as  a  first  signal, 
a  superimposed  output  of  'he  horizontally  polarised  component  outputs  of 
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Pxo.  10*66.  RKorded  dUpIty  of  AN/APD-4  wld«*open  tnUrccpt  iyit«m.  Clock,  lignal 
hudlng,  dsU  card,  and  gyroiyn  flathad  on  every  10  Kiconde.  (CONFIDENTIAL) 

all  thi  antennti.  mond  aignal,  moving  from  left  to  right  on  a  horizontal 
aweep,  la  the  lummed  output  of  the  vertically  polarised  aignal  componenta. 
The  aucceedlng  signal,  in  terms  of  Increasing  delays,  represents  the  output, 
to  the  same  pulse,  of  the  various  horns. 

The  direction  of  arrival  of  the  signal  li  given  by  the  position  of  the 
maximum  of  the  envelope  representing  the  various  antenna  outputs. 

Since  the  directive  pattern  of  each  antenna  sharpens  with  increasing 
frequency,  the  width  of  the  envelope  Is  a  measure  of  the  rf  of  the  signal. 
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A  second  gun  in  the  cethodc-rey  tube  is  Inteusity  moduktsd  by  the  s!gx»l 
and  produces  a  Mries  of  dots  as  shown  in  the  display,  indicating  the  pulse- 
repetition  rate. 

From  the  diq>lay,  therefore,  the  diractiori  ef  arrival,  pulse  shape,  polariM- 
tion,  approximate  rf,  pulse-repetition  rate,  «ntenua  pattern,  and  antenna 
rotational  rate  may  be  observed. 

Figure  10-67  shows  such  an  instantaneous  DF  equipment  installed  in  an 


Fto.  in  67.  Wld«-oprn  intirceptlns  lyit'tn  Initslled  I  ntn  KB-50  aircraft. 

RB-50  aircraft.  The  antennas  are  located  at  the  wlr,g  tips  so  u  to  be  as  free 
as  poulble  from  errors  due  to  reflectio'*,  from  the  aircraft  surfaces. 

The  various  wide-open  intercept  and  DF  techniques  operating  In  the 
micowave  region  use,  in  the  main,  either  horns  or  Luneberg  lens  conflgura- 
tions  for  asimuth  resolution.  The  essential  difference  is  in  the  methed  of 
signal  processing.  The  AN/APD-4,  as  indicated  above,  uses  a  wideband 
photographic  recording  with  the  signal  processing  relegated  for  subsequent 
ground  analysis. 

The  AN/DLO- 1  equipment  Is  a  wide-open  system  also  using  crystal  video 
receivers,  and  covering  the  frequency  range  1-40  kMc.  Luneberg  lenses 
similar  to  that  shown  In  Figure  10-49  are  used  in  this  equipment  for  the 
1-9.1  kMc  frequency  band  and  an  array  of  ftfteen  horns  for  the  9.1-40  kMc 
band.  The  AN/DLD-1  antennas  or  probes  in  the  Luneberg  lens  channelise 
the  aximuthal  plane  into  flfteen  sectors.  The  output  of  each  sector  antenna 
or  probe  is  detected  by  a  crystal  detector.  The  resultant  ftfteen  video  outputs 
are  fed  into  a  simple  analyser  which  compares  the  outputs  of  adjacent  chan¬ 
nels.  If  a  pulse  L  predominantly  received  in  a  single  sector,  the  direction  of 
arrival  is  siwcifted  as  the  direction  of  the  sector  orientation.  The  direction 
of  arrival  is  recorded  under  these  conditions  as  being  within  ±6’  of  the 
center  of  the  .sectui'.  If  pulses  are  received  on  two  adjacent  sectors  and  their 
amplitudes  are  judged  equal  within  some  design  limit  such  a.-*  ±3  dh,  then 
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th«  dlr«cttdn  of  srrivs]  Is  r«cofded  u  that  corra^XHidlng  to  the  aogtc  which 
lice  between  the  adjacent  sectors  and  within  ±5*  of  this  value. 

Thus,  by  arithmetic  operations  on  the  relative  intensity  of  the  signals 
detected  in  the  original  fifteen  directional  antennas,  thirty  directions  of  ar¬ 
rival  are  deduced  and  each  incoming  signal  is  recorded  as  having  one  of 
these  thirty  directions. 


10.6.S  Inetantoneoue  Comparison  of  Phase 

The  line  of  direction  of  a  transmitter  may  be  found  without  scanning  by 
comparing,  on  an  instantaneous  basis,  the  phase  at  two  or  more  points,  pro¬ 
vided  that  the  sampling  points  are  sufficiently  close  to  avoid  ambiguities. 
Figure  10-68  shows  a  diagram  of  a  "sum-and-dlfference”  DF.  It  the  rf  is 


Fio.  >0-68.  Ir.iUnlsntouii  comptrUon  ol  phiM. 

not  known  accurately  but  sufficiently  well  to  establish  that  the  sampling 
points  are  closer  than  A/3  apart,  then  the  absolute  value  of  the  sum  of  the 
field  at  points  /<  and  B  Is: 


sin  6 

This  sum  is  available  at  the  jfl  terminal  of  an  Alford  bridge.  The  difference 
is  avaiUble  at  terminal  |3  by  means  uf  the  crossover  or  phase  reversai 
marked  by  an  X  in  an  arm  of  the  bridge.  The  absolute  value  of  this  dif¬ 
ference  is; 


=  K 


II  .( *'  (<t/M  «i»  t 
I  i  ^ 


=  2V\co$ 
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j  ^  ^  «ln  » 


Taking  the  ratio  of  the  sum  and  difference: 
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sr  the  ancle  of  arrival  ii 


The  direction  of  arrival  can  of  courie  be  obtained  by  any  number  of 
aampling  pdnte  Judkloutly  telected  sc  as  to  avoid  ambifultias  and  also  the 
necessity  for  knowing  g  pHcH  the  frequency  of  the  signal.  In  the  idea!  case, 
some  of  this  information  would  be  redundant  for  determining  the  direction 
of  arrival  if  the  frequency  !s  lujown,  Many  interestlnf  schemes  can  bo 
devised,  particularly  when  phase-perturbing  influences  are  present  and  their 
eflect  is  to  be  minimised. 

10.7  Neasuremeat  Teclmlqnee . -Gwiiometefe 

The  antennas  associated  with  a  direction  finder  may  be  considered,  aa 
prevloucly  indicated,  to  be  exploration  or  sampling  points  in  space.  The 
output  signals  from  these  antennu  are  connected  to  a  device  idiich  combinee 
them  sc  as  to  yield  a  signal  parameter  which  varies  with  the  direction  of  the 
signal  source.  If  the  device  combines  or  encodes  the  outputs  sequentially 
and  with  different  arrangements  of  phase,  amplitude,  or  delay  so  ae  to 
produce  an  output  which  Is  characteristic  and  d^ndent  on  the  direction  of 
arrival,  it  is  called  a  radio  goniometer. 

A  goniometer  for  use  with  croised  loope  in  the  Bellini-Toii  arrangement 
is  shown  in  Figure  10-69. 


It  t  f, 


F:q,  tO-69.  PrlRcipU  of  thi  inducllvt  gonlomeitr. 

It  is  assumed  that  the  gKimetric  center  of  the  antenna  array  ic  the  phsM 
reference  for  the  system;  that  is,  the  phase  of  the  rf  at  the  output  of  each 
loop  is  ths  same  as  would  have  existed  at  the  common  vertical  axis  for  the 
loops. 
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A  further  ueumptlon  U  nude  that  the  movable  coll  of  the  gonloineter 
doea  not  dliturb  the  distribution  of  flux  from  eltber  stationary  coll  for  any 
position. 

To  riforously  meet  these  conditions  over  a  wide  band  of  frequencies  and 
without  elaborato  compensation,  the  antenna  would  have  to  extract  nagligible 
power  from  the  held;  simlUrly,  the  fonlomeicr  moving  coil  could  not  load 
or  absorb  power  from  the  stationary  coils. 

With  these  and  other  sinqrlifying  conditions,  each  loop,  or  in  the  case  of 
an  Adcock  system,  each  pair  of  antennas,  produces  a  figure-eight  pMttern,  the 
two  figure-eight  patterns  being  in  space  quadrature. 

The  currents  lia  and  Ia\bi  in  the  stationary  orils  of  the  goniometer  are 
assumed  to  be  proportional  to  those  of  the  corresponding  antennas  A,  B  and 
AiBu  Hence: 


cos  $ 

Ja\bi  —  /■»  sin  9 

where  0  is  the  angle  of  arrival  of  the  signal  with  r#Q)ect  to  the  plane  of  the 
AB  loop  or  antenna  pair. 

The  field  coils  ere  arranged  in  space  quadrature  with  each  other;  there¬ 
fore,  the  current  In  induced  In  the  rotating  goniometer  coil  is,  in  view  of  the 
simplifying  assumptioru  made  above: 

Ia»{Iab  -I-  i/ai*i)a/iwi(co8  •  cos  /fi  ^  sin  «  sha  /9) 

where  y9  is  ihe  angle  of  the  rotating  coil  with  respect  to  the  plan*  of  the  AB 
loop  or  antenna  pair.  The  current  has  a  maximum  value  /mi.  when  0  ==■  p. 

The  movable  coll  of  the  goniometer  is  therefore  rotated  for  eitlier  a  maxi¬ 
mum  or  minimum  output  in  order  to  determine  the  dirMtlon  of  arrival  of  the 
signal,  the  minimum  occurring  9C*  oi!  the  maximum,  that  is,  where  cos  0  s= 
sin  p. 

Figure  10-70  is  a  view  of  an  inductive  goniometer  for  the  frequency  range 
2  to  8  Me.  The  coil  in  the  center  of  the  shsft  is  the  output  device  for  coup¬ 
ling  to  the  receiver  input. 

The  goniometer  may  be  designed  to  utilise  capacitance  for  the  coupling 
between  the  fixed  branches  and  the  movable  pickup  element.  Such  a  goniom¬ 
eter  may  consist  of  two  pairs  of  fixed  plates  at  right  angles  to  each  other, 
as  shown  in  Figure  10-71.  The  two  movable  plain  Cn — Ch  are  connected  to 
the  input  of  a  receiver, 

Many  precautions  must  be  taken  to  avoid  fringing  and  variations  in  the 
pickup  output  as  the  device  is  rotated.  The  capacitive  coupling  Is  often  re¬ 
duced  to  a  minimum  or  swamped  by  larger  fix^  shunt  capacitance  in  order 


10-82 


ELECTRONIC  COUNTERMEASURES 


to  prevent  modulation  of  the  lignal  In  other  than  a  fundamental  alnusoldal 
manner. 

Figure  10-72  showi  a  capacitive  goniometer  for  operation  in  the  frequency 
bend  100  to  160  Me.  Capacitive  coupling  i>  alao  uaed  to  couple  from  the 
movable  rotor  piatee  to  the  fixed  output  terminals  adtich  connect  to  the  re¬ 
ceiver.  The  capacitance  is  obtained  by  concentric  cylinders,  properly  shaped. 
Often  the  goniometer  is  intentionally  designed  to  employ  both  inductive  and 
capacitive  coupling.  In  this  manner  the  operation  Is  made  reasonably  efficient 
over  a  wider  frequency  band. 

GonioiTieters  using  trensmiulon  lines  can  be  designed  for  use  with  sequen¬ 
tial-phase-comparison  types  such  as  that  shown  in  Figure  10-56. 


» 


Fio,  10-7J.  TnnimiMioD'iliM  goDiomttr  for  Mquontitl'pbaN  (Uroctloa  Aadw  (JOO* 

iOOO  Me). 

A  gonlomater  of  this  tjrp«  is  shown  in  Figure  10-73  for  the  freqtMncy  rings 
300  to  1000  Me.  The  design  of  such  i  goniometer  is  an  interesting  problem. 

Transition  sections  must  be  provided  at  positions  where  the  geometrical  con¬ 
figurations  change,  so  u  to  avolJ  (ringing  and  dlstortioia  of  the  field  and 
thus  introduce  dlKontinultles  and  reflections. 

The  goniometer  consists  of  two  circular  transmission  lines  slotted  to  permit 
tight  coupling  to  a  pair  of  capacitive  probes.  Each  transmission  line  is  fed 
by  an  antenna  and  terminated  by  its  characteristic  Impedance.  The  trans¬ 
mission  lines  are  arranged  so  as  to  be  fed  at  opposite  ends,  so  that  a  move¬ 
ment  of  the  probe  In  one  direction  will  introduce  a  differential  phase  shift 
between  the  two  line  inputs,  that  Is,  a  positive  phase  shift  in  one  line,  and  a  | 

negative  phase  shift  in  the  other, 

The  capacitive  probes  are  connected  to  a  quarter-wave  balun  which 
measures  the  difference  in  phase  at  each  probe  point.  The  balun  outside  con¬ 
ductor  is  made  u  small  as  poftsiblo  so  that  its  impedance  with  respect  to  the 
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•uiTounding  ctviiy  ii  m  high  «•  pofflblt  in  order  to  mlnintlM  tooding  At  the 
null  point  over  m  wide  a  frequency  range  as  poeall^e.  For  the  balun  shown 
in  Figure  10-73,  silver  surgical  tubing  wu  used  as  the  outside  conductor  and 
an  insulated  wire  a  few  mils  in  diameter  inserted  as  an  inner  conductor. 

The  power  extracted  by  the  probe  becomes  a  minimum  idien  the  equi* 
phase  positions  are  found,  so  that  the  device,  when  i^rated  as  a  null  indi¬ 
cating  goniometer,  introduces  an  error  of  less  than  1*. 

Goniometers  have  been  made  for  the  lower  frequency  ranges  (33S  to  400 
Me)  having  errors,  at  the  null  position,  of  less  than  1*.  Such  a  goniometer, 
rotatable  at  1800  rpm,  is  shown  in  Figure  10-74,  Four  gonionxiters  of  this 
type  are  used  with  the  phase<omparison  DF  previously  shown  in  the  block 
diagram  of  Figure  10-54  and  in  the  photograph  of  Figure  10-57. 

Goniometers  using  gaseous  plasina  have  bUn  used  at  the  microwave  region. 
Figure  10-75  shows  a  phase-comparison  goniometer  for  use  at  X-band.  The 


Fio.  10-74.  lonlied-  Fio.  10-75.  Ionii«d-ss*  sonlom«ttr  for  Kqu«nttil-phtM  dirc- 

gu  goniometer  (or  lion  finder  (vsrUble  d-c  ippUed  through  termlnali  A  and  B), 
NquentUI-phaee  di¬ 
rection  finder  (725- 
400  Me). 

phase  velocity  of  the  signal  in  the  waveguides  is  varied  by  varying  the  ion¬ 
izing  current. 

An  ionised  gas  contains  free  electrons,  and  the  presence  of  these  electrons 
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chRDfM  Um  pfaaM  vtlocity  of  au  elactromagaetlc  wave  polling  through  tha 
mtdlum.  Sm  Sactlon  10.3. 

Tha  phaie  vaiccity  of  tha  wava  In  tha  gulda  li  incraaiad  by  a  factor  da* 
pandant  on  tha  number  of  alactroni  par  unit  voluma  and  ai  as  Invsria  func¬ 
tion  of  tha  fraquancy  of  the  ilgnal. 

If  tiro  wavaguidei,  each  connectad  to  a  born,  ara  in  turn  brought  togather 
with  a  ISO*  diffarantial  electrical  length  in  one  guide,  then  a  null  obtained 
at  a  probe  located  at  the  Junction. 

Wbrn  an  ioniiad  gaiaoui  atmoiplwra  ii  provided  in  one  navaguida  of  tha 
configuration,  the  phase  velodty  is  incroued  in  that  arm.  The  nuU  of  the 
combined  antenna  P'tt'em  la  thua  ihiftad  in  tha  direction  of  tha  guide  con¬ 
taining  tha  ionised  msujum. 


Fio  10-76.  ChtrteterUtIci  ol  n«on-lo»d*d  w»v«|uld«  (RO-S:/V),  IS  Inches  long.  Fre¬ 
quency  =  9540  Me. 

Figure  10-76  shows  the  characteristics  of  a  neoii-Ioaded  RG-53/V  wave¬ 
guide.  By  varying  the  ionising  current,  a  phase  shift  can  be  produced  which 
causes  the  null  of  the  combined  antenna  pattern  to  shift.  A  period  movement 
of  the  pattern  can  be  obtained  by  a  periodic  variation  of  the  ionising  cur¬ 
rent,  and  thus  a  sector-scanning  phase-comparison  direction  finder  can  be 
assembled. 


10-86 


ELECTRONIC  COUNTERMEASURES 


To  obUia  hifh  Kanning  spoeds,  olKtrcaogsttvt  gues  irt  istroducod  iato 
tho  ooon  tube  contained  wltUn  tte  guide.  Tbeee  gaaee  cause  a  more  r^>ld 
recombination  of  the  ioni  and  clKtront  and  tbua  huten  the  deionising  pro¬ 
cess. 


At  radio  frequencies  where  traveling-wave  tubes  are  practical,  a  suitable 
phase-compariiM  goniometer  may  be  madu  by  substituting  a  liVT  ampli¬ 
fier  for  each  waveguide,  as  shown  in  Figure  10-77. 

The  phase  shift  in  each  traveling- 
wave  tube  is,  within  limits,  substantially 
linear  with  beam  current.  By  applying 
an  alternating  voltage  in  pu^-pull 
fashion  to  the  collector  elements,  a  dif¬ 
ferential  phase  shift  can  be  introduced 
in  the  rf  outputs  from  the  horns  A  and 
jB.  The  awsvUt  is  that  the  null  it:  the 
antenna  pattern  is  caused  to  mcve  in 
aslmuth.  The  output  of  the  goniometer 
is  connected  to  a  receiver  and  then  ap¬ 
plied  to  a  suitable  Indicator. 

At  3000  Me,  differential  phase  shifts 
of  over  1000°  can  be  obtained  with 
such  arrangements.  Since  under  such 
^  conditions  there  Is  a  variation  of  gain  of 
from  5  to  10  db  per  arm.  It  is  better  to 
operate  on  the  null  rather  than  a  maxi¬ 
mum  of  the  resultant  antenna  pattern. 

iO.B  Display  Teohniquee 
To  determine  the  direction  of  arrival 
of  a  signal,  n  means  must  be  provided 
for  the  observer  to  determine  how  the 
signal  is  being  modified  by  the  direc¬ 
tion  characteristics  of  the  antenna  array.  Thus,  in  direction  Anders  luiing  a 
sequential  amplitude-comparison  method  such  as  the  rotation  of  a  loop,  the 
earliest  methods  used  to  provide  an  aural  indication  to  the  observer  were  by 
means  of  a  headset.  In  the  event  the  signal  had  no  audible  modulation,  a 
local  OKillator  was  provided  and  so  adjusted  os  to  produce  an  audible  beat 
frequency  with  the  carrier  of  the  incoming  signal.  Aural  methods  are  useful 
when  the  signal  Is  of  sufficiently  long  duration  to  permit  a  careful  determina¬ 
tion  of  the  null  and  when  the  slgnal-to-ndee  ratio  is  high.  If  a  local  oscil¬ 
lator  is  used,  the  audible  frequency  Is  best  adjusted  to  (all  between  1000  and 
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6000  cycl«i.  In  this  frtqusncy  the  minimum  audible  field  averagei 

about  56  db  below  1  dyne  per  iquare  centimeter  of  feound  preuure.  The  ear 
is  able  to  lelectively  perceive  a  steady  tone  in  a  high  ambient  noise  back* 
ground  since  noise  disturbances  falling  outside  of  a  frequency  area  close  to 
the  steady  frequency  do  not  interfere  with  the  perception  of  the  tone.  Indeed, 
it  is  difficult  to  develop  an  electronic  tnstrumentatlcr  r*  ^  approachn  the 
sensitl\dty  and  has  the  si^l-to-noise  enhancement  |.»ocesses  found  in  the 
hurr^n  auditory  system. 

1  systems  are  also  used  with  the  beam-switching  types  of  direction 
One  such  application  is  the  direction  finder  in  which  a  cardioid  Is 
flipped  through  ISO*  so  that  its  minimum  becomes  a  maximum.  This  switch¬ 
ing  can  be  done  at  such  a  rate  that  the  pattern  Is  In  one  position  during  the 
’^on^’  times  of  the  character  A  in  the  Morse  code  and  on  the  other  side  during 
the  '^on*’  times  of  the  Morse  character  iV.  When  the  switch-lobe  direction 
flnder  Is  manually  rotated  so  that  the  axis  about  which  the  lobes  are  switched 
is  pointing  toward  the  transmitter,  the  intensities  of  the  A  and  the  JV  charac¬ 
ters  become  equal  and  the  resultant  interlock  produces  a  steady  tone.  This 
system  !i  particularly  useful  on  a  steady  signal  when  the  noise  background  is 
high  and  the  lobes  being  switched  have  their  maximum  sharpneu  (rate 
of  change  of  pattern  with  azimi^th)  along  the  interlock  direction.  This  is 
generally  the  case  when  endfire  types  of  antenna  arrays  are  being  used 

Many  other  Interesting  methods  of  indication  can  be  devised  using  aural 
indication.  However,  care  must  be  exercised  to  utilise  to  best  adVimtage  the 
physio-psychological  attributes  of  the  human  auditory  system  (Refi.tence  40). 

The  use  of  a  meter  which  reads  the  signal  level  at  the  nutput  of  a  DF 
rt ''elver  can  be  used  to  determine  a  null  position  of  tbe  receiving  antenna 
<  y.  By  smoothing  out  the  input  to  the  meter,  rapid  fluctuations  due  to 
f  .iraneous  noise  are  filtered  out.  In  the  manually  operated  switched-lobe 
direction  finder,  the  meter  may  be  made  to  read  plus  or  minus  from  a  zero 
position  and  thus  indicate  in  which  direction  the  antenna  array  must  be 
rotated  to  approach  the  null  position. 

In  the  automatic  dirKtion  finder,  as  introduced  by  Busignies  (Reference 
39),  a  goniometer  is  generally  rotate<i  at  a  constant  speed  by  a  synchronous 
motor.  The  goniometer  shaft  also  drives  a  permanent  magnet  alternator  for 
the  usual  closely  spaced  Adcock  antenna  arrays.  The  output  of  the  gonio¬ 
meter  is  a  slnusoi^lly  modulated  signal.  The  modulated  sine  wave  has  a 
frequency  equal  to  the  rate  at  which  the  goniometer  is  being  rotated  and  is 
therefore  at  the  same  frequency  as  the  signal  generated  by  the  permanent 
magnet  alternator.  Tlie  relative  phase  of  the  alternator  signal  to  that  of  the 
goniometer-modulated  signal  Indicates  the  direction  of  arrival.  Normally,  the 
goniometer  is  rotated  at  1800  rpm;  the  receiver  output  will  therefore  be 
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modulated  at  a  80-cycle  rate.  This  30<ycle  wave  Is  Altered  and  applied  to  a 
phase-comparison  device  where  the  phan  of  this  Altered  J0-cy(^  wave  is 
compared  with  the  30-cycle  wave  generated  by  the  permanent  magnet  alter¬ 
nator  rigidly  coupled  and  rotated  synchronously  with  the  goniometer  shaft. 

The  phase-comparison  device  may  be  one  of  many  types.  If  the  **Uemator 
output  signal  is  passed  through  a  phase-shifting  network,  then  the  phase- 
shifted  30-cycle  freqMency  and  the  receiver-Altered  output  can  be  applied  to 
the  two  Inputs  of  a  wattmeter  t>*pe  indicator.  The  phase  shifter  Is  then 
varied  until  the  wattmeter  output  is  a  maximum.  The  reading  of  the  phase 
shifter  for  this  condition  indicates  the  direction  of  arrival  of  the  signal.  This 
system  is  shown  schematically  in  Figure  10-78. 


Other  phase-compnrlson  methods  may  be  readily  devised.  A  stroboscopic 
method  Is  used  in  the  Type  14  direction  Ander,  as  shown  in  Figure  10-79.  In 
this  direction  Ander,  the  receiver  output,  after  having  been  Altered,  is  clipped 
and  differentiated  so  as  to  mark  the  sero  croaiing  of  the  wave.  The  peaked 
signal  which  results  is  amplIAed  and  applied  to  a  spiral  neon  lamp  located 
behind  a  frosted  glass  dial  face.  Between  the  spiral  neon  lamp  and  the  frosted 
glass  Is  a  disk  with  a  radial  slot,  driven  by  a  motor  synchronised  with  the 
goniometer  rotation.  In  operation,  a  radial  illumination  is  seen  on  the  dial 
face,  Indicating  the  direction  of  arrival  oi  the  signal. 

The  cathode-ray  tube  has  a  number  of  advantages  when  used  as  an  indi- 
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cfttor.  (1)  It  li  «  wld«b«nd  device;  (2)  it  ii  a  itorafe  medium  with  a  abort 
time  memory;  (3)  !t  permit!  the  mapping  of  a  ilgnal  ao  u  to  uilllae  the 
phyaiopaychoiogical  optical  attribute!  of  the  obaerver;  that  is,  the  diaplay 
may  be  tailored  to  provide  a  favored  signal  for  paUern*reccgnition  purpoaea. 
The  cathode-ray  tube  haa  been  used  ai  an  indicator  for  many  yean,  but  few 
of  the  ayitema  have  utillied  all  of  the  three  factors  noted  above.  In  one  of  the 
earliest  applications  of  the  cathode-ray  tube,  it  was  used  as  an  indicator 
device  with  the  Watson-Watt  Instantaneous  amplitude-comparison  method 
already  dsKrlbed.  The  cathode-ray  indicator  wa«  subsequently  used  by  other 
equipment  manufacturers  to  compare  the  output  of  space-quadrature  antenna 
patterns.  In  one  form,  a  loop  was  rotated  at  1800  rpm.  The  motor  which 
rotated  the  loop  aiio  drove  an  alterruitor  synchronously  with  the  loop  rota¬ 
tion.  The  alternator  In  this  case  was  a  twe-phase  type  producing  a  tine  and 
a  cosine  voltage.  These  tv,*o  voltages  were  applied  to  the  vertical  and  hori- 
sontiil  plates  of  a  cathode-ray  tube,  respectively,  so  as  to  produce  a  circular 
pattern.  The  amplitude  of  the  sine  and  r  'ne  voltagiM  was  modulated  by 
the  output  of  the  receiver  connected  to  the  .  itlng  antenna.  In  this  manner, 
the  spot  moved  In  and  outward  from  the  center  in  conformity  with  the  re¬ 
ceiver  output,  producing  a  propeller  pattern,  as  shown  In  Figure  10-80.  The 
operator  could,  by  using  such  a  display,  select  the  bearings  associated  with 
the  strong  signal  portion  of  a  fluctuating  bearing  and  thus  obtain  more  ac¬ 
curate  Indications. 

Many  other  types  of  indicators  have  l>een  devised,  both  mechanical  and 
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of  the  cathode-ray  type.  However,  a 
few  general  conit!derat(oni  arr  import^ 
ant  whether  a  human  obaervr'  t>bte(n9 
the  bearing  from  a  caihode*ru^  tube, 
a  meter,  an  aural  lystem,  or  the  output 
of  a  computer  which  hae  operated 
on  the  dii^tiied  instantaneous  values 
of  the  signal,  amplitude,  or  phase.  The 
bandwidth  of  the  receiver  ^fore  Anal 
detection  should  be  as  narrow  as  pos¬ 
sible  without  rejection  of  the  signal 
and  within  the  frequency  stability  not 
only  of  the  transmitter  but  also  of  the 
receiver.  The  postdetection  bandwidth 
should  be  sufflciently  wide  to  permit  fluctuations  in  the  bearing  of  the  signal 
to  be  recorded  or  observed.  Since  most  bearings  over  the  period  of  observa¬ 
tion  do  not  have  a  xero  mean  value,  the  Ust  bearing  can  only  be  obtained 
by  observing  the  manner  in  which  the  direction  of  arrival  varies  inm  Instant 
to  instant.  An  indicator,  therefore,  which  provides  the  observer  with  a  re¬ 
cording  or  memory  of  the  bearing  over  a  period  of  time  permits  the  best 
interpretation.  Much  of  the  success  in  the  operation  of  a  direction  ftnder 
depends  upon  the  skill  and  Intuition  of  the  operator. 


fto, 


lO-SO.  Vbusl  tndiator  showing  typi¬ 
cal  propeller  pattern. 


10.9  Poeltion  Fixing 

To  determine  the  position  of  a  transmitter  requires  that  at  least  two  bear¬ 
ings  be  obtained,  each  from  a  different  azimuthal  position  relative  to  the 
signal  source.  If  the  transmitter  Is  moving  with  respect  to  the  DF  stations, 
It  is  best  that  these  bearings  be  obtained  simultaneously. 

The  accutacy  with  which  the  position  of  the  transmitter  can  be  determined 
is  improved  by  utilizing  more  than  two  DF  stations,  as  shown  in  Figure 
lC-81  These  bearings  generally  do  not  intersect  at  the  same  point  and, 
therefore,  some  method  must  be  utilised  to  determine  the  most  probable 
intersection.  Errors  which  introduce  inaccuracies  in  each  line  of  direction 
determination  may  be  due  to  several  sources. 

A  major  source  of  error  is  caused  by  propagation  anomalies  when  dealing 
with  hf  signals  In  which  the  propagation  is  by  means  of  the  sky  wave.  Such 
errors  arise  from  the  fact  that  the  ionosphere  is  not  perfectly  uniform  In 
structure.  As  a  result,  lateral  deviations  of  the  rays  take  place.  In  addition 
to  this,  as  pointed  out  previously,  there  are  polarization  changes  as  the  wave 
Is  reflected  from  the  ionosphere. 

At  higher  frequencies,  above  60  Me,  scintillation  of  the  apparent  direction 
of  arrival  of  the  wave  may  occur  due  to  contributions  to  the  field  at  the  re- 
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ceiver  of  reflected  and  refracted  energy 
from  high  poinU  on  the  horixon.  Thix 
is  particularly  true  when  signals  are 
observed  that  are  either  at  or  below 
line  of  sight. 

In  addition  to  these  sources  of  errorf 
a  lateral  deviation  on  ground  wave 
at  frequencies  lower  than  hf  is  appar¬ 
ent  when  the  wavefront  crosses  a  dis¬ 
continuity  in  ground  conductlvlt>  at 
other  than  normal  incidence.  On  ether 
than  relatively  stable  low  frequencies, 
the  properties  of  the  propagation  paths 
exhibit  a  fluctuation  and  variation  with 
time  at  different  rates,  and,  during  the 
general  observational  period,  do  not 
have  a  mean  value  of  aero.  Variations 
In  the  apparent  direction  of  arrival  of 
a  sky  wave  are  also  subject  to  a  low  periodic  component  which  varies  with 
the  sunspot  activity  cycle. 

A  second  source  of  error  is  contributed  by  Irregularities  and  uymmetry 
at  the  anterma  array  or  In  its  Immediate  vicinity.  Waves  may  lie  reflected 
from  nearby  objects  such  as  wires,  airplane  hangers,  vehicles,  and  metallic 
platforms.  Error  from  thsee  causes  are  particularly  noticeable  In  the  case  of 
airborne  direction  Anders  when  frequencies  are  being  received  at  which  it 
Is  Impractical  to  obtain  discriminatory  directivity  in  the  airborne  antenna. 

Irregularities  In  the  conductivity  of  the  ground  or  image  plane  close  to  the 
DF  antenna  also  produce  errors.  Poorly  bonded  connections  in  a  mat  or 
counterpoise  can  produce  errors.  A  counterpoise  or  Image  plane  which  Is  too 
small  or  irregular  in  shape  will  also  introduce  errors.  When  striving  for  a  site 
In  which  the  error  is  less  than  T,  it  is  extremely  important  to  consider  many 
possible  sources  of  error.  Buried  underground  cables,  asymmetrical  itruc- 
lures  beneath  the  counterpoise,  and  slight  differences  in  conductivity  of  the 
image  plane  will  produce  noticeable  eources  of  error.  Automobiles  parked 
anywhere  near  the  site  will  also  Introduce  a  disturbance. 

The  proper  location  of  a  direction  flnder  on  a  warship  is  one  of  the  most 
disturbing  problems.  Reradiation  from  local  reflecting  objects  may  occur 
with  a  quadrature  potariution.  As  an  example:  In  the  event  the  direction 
Ander  is  designed  primarily  to  oj>erate  for  vertical  polarisation  and  a  hori- 
sontally  polarised  signal  Is  encountered,  the  signal  energy  from  a  local 
reflecting  object  with  converted  vertical  polarisation  may  often  be  greater 
than,  or  certainly  of  the  same  order  as,  the  direct  horisontally  polarised 
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lignAl  Since  the  entenna  patterns  may  be  entirely  different  for  each  polar¬ 
ization,  substantial  errors  are  introduced.  This  phenomenon  is  often  encoun¬ 
tered  In  airborne  antennas,  particularly  when  the  antenna  is  near  the  shadow 
of  a  wing  or  other  portions  of  the  aircraft. 

Another  source  of  error  is  that  inherent  in  the  instrument  itself.  This  is 
generally  caused  by  improper  design  or  faulty  operation.  In  most  cases,  in¬ 
strument  errors  arise  from  poorly  designed  antenna  elements  or  goniometers. 
Factors  such  u  mutual  Impedance  between  antenna  elements,  which  is  a 
function  of  the  direction  of  arrival,  produce  the  so-called  quadrantal  error 
In  the  care  of  the  Adcock.  Temperature  effects  In  cables  may  also  be  a 
source  of  error  as  may  also  diKontInuities  introduced  by  such  components  as 
terminal  plugs  and  connectors.  At  vhf  and  uhf,  for  example,  asymmetrical 
patterns  can  be  produced  by  the  heating  of  one  feed  cable  by  the  sun's  rays. 
Instrument  errors  can  also  be  introduced  by  indicator  nonlinearltics  and 
noise  sources  synchronous  with  respect  to  the  goniometer  or  indicator  scan¬ 
ning  cycle. 

In  general,  the  errors  from  all  three  of  the  above-mentioned  sources — 
propagation,  site,  and  instrument— can  be  clarified  Into  two  general  cate¬ 
gories:  those  which  are  determinate  and  therefore  may  be  calibrated  out,  and 
those  which  are  Indeterminate  or  of  s.  random  nature  and  are  too  complex 
to  determine  dlKretely.  Instrument  errors  of  a  determinate  variety  can  be 
calibrated  by  the  use  of  a  target  transmitter,  The  target  transmitter  is  moved 
about  on  a  circumference  of  a  circle  four  or  five  wavelengths  away  from  the 
center  of  radiation  of  the  structure.  When  the  frequency  Involved  Is  so  low 
that  it  is  Impractical  to  operate  the  target  transmitter  at  that  distance  from 
the  center,  the  approximate  error  that  may  be  Introduced  Into  the  calibrating 
procedure  is  obtainable  from  the  curve  of  Figure  10-82. 

To  reduce  the  errors  due  to  path  deviations,  observational  errors,  and 
other  phenomena  which  cannot  be  calibrated  out  and  are  of  an  Indeterminate 
variety,  a  number  of  poisible  attacks  have  been  used.  On  the  basis  that  dur¬ 
ing  the  observational  period  certain  errors  will  tend  to  have  a  mean  of  zero, 
bearings  may  be  taken  rapidly  over  as  long  a  period  of  time  as  possible  and 
the  average  value  then  determined.  In  this  procedure,  computers  may  be  used 
to  automatically  indicate  the  average  value. 

Another  method  exists  of  Improving  the  accuracy  of  a  bearing  or  of  deter¬ 
mining  which  of  a  series  of  bearings  on  the  same  station  are  most  likely  the 
correct  ones.  In  this  method,  the  onerator  introduces  weighting  factors,  deter¬ 
mined  by  such  considerations  as  the  sharpness  or  quality  of  the  null  in  the 
case  of  an  aural  presentation  or  the  approach  that  a  cathode-ray  indicator 
display  would  have  to  the  ideal  case.  The  gradings  are  often  grouped  Into 
one  of  three  classes:  either  d,  i9,  or  C.  A  class  A  bearing  is  a  low-error  reli- 
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ftble  bearing,  «  clus  B  bearing  is  a 
usable  but  Inaccurate  bearing;  and  a 
class  C  bearing  is  considered  unreliable. 

In  determining  the  most  probable 
position  of  a  signal  source  from  two  or 
more  bearings  at  different  acimuthal 
angles  to  the  transmitter,  one  can  con^ 
cern  himself  with  the  deviations  which 
are  caused  by  those  different  ensemble 
members  which  have  Gaussian  distri¬ 
butions.  As  indicated  previousiyi  In 
actual  practice  the  statistical  errors  in 
a  finite  Integration  or  smoothing  time 
do  not  have  a  aero  mean  and  as  a  mat¬ 
ter  of  fact  do  not  follow  a  normal 


fw.  tO-SS.  Rilstlon  Iwtwttn  anttnna-ek- 
mtnt  ipftcini  and  proximity  of  oKillator  to 
antanna  to  reiuU  In  callbrailort  arruri  of  distribution,  Some  Improvement, 
0.25*  or  Wm.  however,  can  be  obtained  by  con¬ 

sidering  that  the  errors  are  of  a  Gaussian  or  normal  error  probability  as¬ 
sociated  with  each  bearing  (References  41, 42, 43). 

The  error  probability  of  each  bearing  is  msasured  In  terms  of  its  variancs, 
i.e.,  of  the  square  of  tlU  standard  deviation  of  a  group  of  bearings  about  the 
true  value.  The  sources  of  srror  in  the  bearing  are  of  various  nature  and 
may  be  clauiAed  as  follows:  insiruminiai  (due  to  imperfect  calibration  or  to 
fluctuation  of  the  polariutlon  of  the  wave) ;  iff#  (due  to  spurious  reflections 
from  the  surrounding  terrain);  pro.^^siaiicnal  (due  to  reflections  from  the 
ionosphere);  oburvathn^l  (due  to  intrinsic  operator  and  time  causes).  Esti¬ 
mation  of  these  errors  Is  obtained  in  part  from  put  C3q>erience  and  in  part 
from  experiment.  For  example,  the  observational  error  is  computed  by  taking 
an  actual  number  (about  10)  of  bearings  all  of  which  are  independent  of 
each  other  and  occur  within  few  seconds'  distance  In  time.  From  these  read- 
inp  one  computes  the  arithmetic  mean,  the  mean-iquare  deviation,  and  the 
minimum  readable  angle.  The  corresponding  variance  is  obtained  In  general 
with  the  relation 


V  =: 

where  n  is  the  number  of  readings  taken  between  5  and  12,  and  r  is  the 
range  of  the  same  readinp,  i.e.,  the  difference  between  extreme  readings. 

The  variance  due  to  instrumental  errors  is  generally  neglected  (unless  the 
calibration  is  known  to  be  defective) ;  the  variance  due  to  ionospheric  fluc¬ 
tuations  Is  computed  from  past  experience.  For  example,  in  Figure  10^33  a 
graph  is  shown  which  gives  the  variance  for  bearings  averaged  over  5  minutes. 
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7io.  10-U.  VtrUnct  due  to  ionoepherk 
Utirat  dfvUtlon  for  boarinii  averaged  over 
about  5  mlnutei. 


The  vArlince  due  to  aite  error  li  elao 
evilueted  in  edvence.  Ai  en  example: 
the  variance  may  be  about  2*  In  the 
bandwidth  3  to  5  Mc^  1*  in  the  band¬ 
width  5  to  20  MC|  and  0.5*  in  the 
bandwidth  10  to  15  Me. 

The  total  variance  correaponding 
to  each  bearing  is  evaluated  as  the 
sum  of  the  Individual  variance  as 
above  described.  Now,  in  order  to 
determine  the  point  of  maximum  prob¬ 
ability  of  intersection,  one  starts  mak¬ 
ing  the  few  guesses  for  the  position  of 
a  point  in  the  area.  To  correspond 
,to  each  point  P,  one  computes  the 
quantity. 


Vt 


+ 


+  Tr 


which  Is  the  sum  of  the  ratios  of  the  squares  of  the  angular  deviations  di, 
di,  da,  ,  .  from  each  of  the  observed  Imrinp  and  the  corresponding  varl- 
esce  of  the  bearings.  The  desired  point  of  maximum  probability  is  that  for 
which  the  quantity  5  is  a  minimum.  If  one  computes  S  for  a  few  points,  one 
immediately  is  able  to  Improve  the  accuracy  of  successive  guesses  and  rapidly 
arrives  at  a  gorxl  solution.  In  general,  a  few  trials  arc  lufhclent  for  an  ex¬ 
perienced  operator.  It  may  be  noted  also  that  the  loci  of  constant  difference 
5  —  5mi«  are  ellipses,  and  that  the  ellipsee  individuate  areu  In  which  the 
probability  of  finding  the  point  is  about  the  same.  For  example,  if  5  5ntii 
is  i.4,  the  corresponding  probability  of  the  ellipse  is  50%;  and  If  S 
Smin  =  4.6,  the  corresponding  probability  is  90%. 

The  application  of  the  statistical  method  for  the  determination  of  the 
most  prol^ble  has  proved  very  advantageous.  Efforts  have  been  made  to 
realise  autonuitlc  plotters  which  derive  the  most  probable  solution  electri¬ 
cally  from  a  set  of  Independent  bearings. 
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The  Analysii  of  Reconnaiseancc  Information 
from  the  Data  I'^indling  Point  of  View 
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lit!  Dwie  ConeepU 

ILLl  PurpoM  of  Analxils 

Th«  mcit  fentral  purpoM  of  the  tiuiyiit  of  electronic  reconiulfsance  dsta 
is  to  develop  technical  descriptions  and  to  gvcgraphlcally  locate  the  various 
emitters. 

Dependent  upon  the  degree  of  precision  and  sophistication  of  such  recon* 
naiisance,  the  labels  of  Electronic  Order-of-Battle  (ECB)  or  Electronic 
Intelllfence  (ELINT)  may  be  usigned.  Location  Information,  coarse  tech¬ 
nical  Information,  determination  of  functions,  and  assessment  of  vulnerability 
are  typical  ELINT  objectives.  The  composite  of  such  individual  data  will 
generally  yield  additional  intelligence,  but  the  primary  function  Is  to  compile 
what  may  be  termed  utalog  and  operational  data. 

A  second  general  purpose  of  electronic  reconnaissance  is  to  monitor  emis¬ 
sions  for  their  semantic  aspect  (that  is,  their  meaning  or  message  content). 
This  implies  a  prior  knowledge  or  discovery  of  the  technical  characteristics 
of  the  signals  through  ELINT  processes.  The  results  of  such  monitoring  are 
most  often  called  Communications  Intelligence  (COMINT)  when  communi¬ 
cations  messages,  as  such,  are  intercepted.  However,  the  concept  of  semantics 
can  be  extended  to  noncommunications  areas:  e.g.,  various  guidance  or  re¬ 
mote  control  transmissions  (where  we  may  extend  the  concept  ot  semantics 
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to  that  of  maehiiwi  communicating  with  ont  another).  In  all  auch  areu,  data 
handling  prccetM*  are  employed  not  for  catalog  data  generation  or  compari- 
(on,  but  for  meuage  derivation. 

'rhese  two  typei  of  rccormaiaeanca  operationt  may  be  compared  with  more 
conventional  communicationr  practice.  Reconnalieance  may  be  leen  to  cO'* 
compaai  the  problem  of  completing  a  communicatioas  link  with  an  unco¬ 
operative  network  of  tranunitters.  It  the  uncooperative  nature  of  the  link 
between  emitteri  and  receiver  which  leta  reconnaUaance  techniquee  apart 
from  the  more  conventional  communicationa  art.  In  conventional  communi- 
cationa,  for  example,  one  may  have  prior  knowledge  of  the  carrier  frequency 
and  modulation  type  of  a  aet  of  tranemittera.  'Vith  luch  knowledge,  one  may 
employ  a  receiver  which  include  correlation  proceeaea  (a.g.,  tuned  reaonant 
circulta)  in  ita  intrinalc  deaign,  and  proceed  dirKtIy  to  mriaage  rec^tlon. 

In  SOB  or  ELINT  practice,  one  nceda  to  acquire  or  verify  by  reeon- 
nalaaan'ie  the  name  typ>e  of  information  which  ia  known,  e  priori,  to  a  coopera¬ 
tive  receiver.  Thia  ia  a  taak  which  taxea  the  receiver  and  data  proceaaing  arta 
even  whore  no  n)eaaaga  ia  to  be  monitored.  In  COMINT  practice,  additional 
taaka  are  required  which  approximate  or  exceed  thoae  in  cooperative  com¬ 
municationa,  depending  on  the  degree  of  demodulation  or  decoding  which 
may  be  required  lubaequent  to  ELINT-level  proceuing.  It  ia  evident,  there¬ 
fore,  that  quite  different  forma  of  data  proceaaing  or  aignal  analyala  are  re¬ 
quire  for  EOB-ELINT  reconnaliacnce  and  for  COMINT  meaaage  extrac¬ 
tion. 

In  EOB  or  ELINT  reconnaiasance,  dau  proceaaing  la  employed  to  generate 
or  verify  information  which  can  be  described  as  catalog  data.  Such  data  ere 
essentially  stationary  or  redundant  In  that  they' are  slowly  varying  with  time. 
The  "time-constants”  which  apply  are  generally  the  periods  required  for  the 
movement  of  emitteri,  for  logistic  Khedules,  etc.  These  «»entlally  stationary 
data  are  processed  by  comprehensive  and  intricate,  but  familiar,  methods  ol 
sorting,  computation,  and  correlation. 

Sorting  it  required  because  the  basic  data  are  not  properly  grouped  in 
discrete  sets.  Computation  Is  required:  (a)  because  the  parameters  In  which 
the  raw  data  are  received,  e.g.,  direction  of  arrival,  are  not  those  in  which 
the  stationary  data  exist  (e.g.,  poeition),  thus  requiring  a  transformation  of 
parameters;  and  (b)  because  statistical  processes  .ire  required  for  smoothing 
and  for  the  generation  of  quantitative  conftdence  levels.  Correlation  is  re¬ 
quired  for  library-science  purposes;  to  compare  the  recent  data  with  previous 
information,  thereby  preventing  redundant  library  Ales,  providing  fur  up. 
dating  of  those  Ales,  and  emphasising  "news”. 

In  contrast,  COMINT  data,  in  its  most  general  form,  is  by  dcAnition  not 
redundant.  Being  essentially  nonstationary,  quite  different  data  processing 
methods  are  required.  The  distinction  stems  partly  frorr  the  fact  that  much 
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ittorttr  tlme<omUnU  are  tawcUtcd  with  the  data,  that  it,  th«  data  art 
chanceabie  and  pcriihabte.  'Iha  fact  that  the  total  information,  maaturcd  in 
"bits”,  it  normally  grtater  for  itmantl;  content  Uum  for  catalog  data  ecn> 
tributes  to  the  dlitinction.  Therefore,  COMINT  data  proceialng  it  necet* 
sarily  more  subtle  and  more  intricate. 

11.1.8  Geeteral  Charaetar  of  the  Aaidytla  ProcMt 

The  ch'  <>  rlitkt  of  a  radio  trantmistlcn,  such  at  radio  frequency,  type 
of  moduk  oandwidth,  and  other  attributes,  determine  the  Identity  of  the 
transmitter.  Ttw  knowledge  that  the  signal  c^racteiistla  must  fail  within 
certain  limits  follows  from  familiarity  with  the  component  art.  For  example, 
If  a  transmitter  has  an  r«f  carrier  of  100  kilocycles,  the  bandwidth  of  the 
signal  most  probably  will  be  of  the  order  of  20  kilceycMS,  or  less,  siBce 
cfAcicnt  antennas  having  more  than  a  ±10  percent  frequency  range  at 
L.F.  are  infeasible.  Unknown  advances  in  technology  on  the  part  of  an 
enemy  will  dKrease  the  constraints  and  increase  the  problems  of  inte.'c^tion 
and  analysis.  It  is  usual  to  design  radio  reconnaissance  equipment  to  inter¬ 
cept  sigi^  whose  characterlstict  are  known  to  exist.  Often  surprises  are 
produced  by  unanticipated  progress  in  the  enemy’s  component  art. 

The  analysis  problem,  therefore,  may  be  regarded  as  Um  examination  of 
the  attributes  of  an  intercepted  signal  and  the  determination  that  an  orderly 
collection  of  such  attributes  approximates  that  of  a  kriown  signal  source.  If 
the  signal  attributes,  that  is,  such  characteristics  as  radio  frequency,  pulse- 
width,  pulse  repetition  frequency,  rotational  rate,  and  polarisation,  do  not 
conform  with  those  of  a  known  signel  source,  either  the  collection  .mo  obser¬ 
vation  L  fa  1 1  ’  or  a  new  signal  source  must  be  postulated  having  such  new 
charactcrkii  .. 

A  furi'i.  distinction  must  be  made  to  determine  whether  the  intercepted 
signal  represents  a  known  model  but  with  signal  characteristics  modlAed  by 
extraneo'u  effects,  such  as  a  poorly  operating  magnetron  in  a  radar  trans¬ 
mitter,  or  a  poorly  aligned  Intercept  receiver.  Other  examples  of  extraneous 
effects  are  propagation  anomalies,  modulations  impressed  on  the  signal  from 
such  sources  as  a  tumbling  •atel.lte,  Faraday  rotational  changes  in  polarisa¬ 
tion,  and  doppler  frequency  shifts  caused  by  the  relative  motion  of  the 
source  and  t^  receiver. 

An  Important  consicteration  is  to  determine  whether  the  discrepancy  be¬ 
ta  :«n  the  observed  signal  characteristics  and  the  catalog  model  is  due  to 
extraneous  effects  or  whet’wi  it  represents  a  change  in  the  intrinsic  signal 
characteristics  occasioned  by  a  new  version  of  an  old  model.  In  the  latter 
case,  the  catalog  of  existing  models  must  be  updated  and  expanded  to  Include 
the  new  version. 

The  reconnaissance  process  may  also  be  concerned  with  the  actual  mean- 
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Inj  or  Mmantic  »sptct  of  communJcatlon  ilgnalti.  Tb«  COMINT  conttni  of 
a  meuags  in  tha  future,  what  with  the  multipiaxing  of  communication  alf- 
nail  for  directinf  intercq)tor  opcratloni  (GCI),  radar  surveillance  opera¬ 
tions,  navigational  functions  and  missile  guidance  systems,  will  be  most 
difficult  to  separate  from  ELINT.  To  this  Illustration  must  be  added  the 
use  of  digital  and  other  more  complex  encoding  methods  for  the  transmlcsion 
of  information,  so  that  whetlier  a  signal  characteristic  is  functional  and 
produced  by  a  complex  code  matrix  or  whether  it  b  semantic  becomes  diffi¬ 
cult  to  aKertain  until  the  model  has  been  clearly  esiabiished  and  cataloged. 

The  co^nplete  description  of  an  electromagnetic  emission  nsay  be  given  by 
a  plot  of  the  instantaneous  r-f  waveform,  the  spatial  coordinatea  of  tbs 
source,  and  a  deKriptlon  of  the  polarisation  of  the  wave,  all  plotted  against 
tinse.  This  plot  may  be  compared  with  a  library  of  plots  of  all  known  signals 
to  attempt  a  recognition. 

Difficulties  immediately  arise.  If  the  signal  is  a  communication  tnimamltter, 
the  a  eWoW  knowledge  of  its  message  is  highly  improbable,  so  that  a  detailed 
comparison  Is  impossible  since  it  would  be  a  hopeless  task  to  store  all  posalble 
messages.  A  number  of  simplifying  assumptions  may  be  made;  e.g.,  it  may  be 
aiwumed  that  one  of  a  number  of  known  modulations  is  present.  Detector 
circuits  and  display  can  be  contrived  to  identify  the  modulation,  and  the 
identification  may  be  considered  complete  when  an  intelligible  meiuge  Is 
obtained.  This  message  may  be  In  a  known  or  artificial  language. 

In  general,  It  Is  desired  to  determine  the  r-f  center  frequency,  bandwidth, 
type  of  modulation,  signal  strength,  location  of  the  transmitter,  the  amount 
and  nature  cf  traffic,  and  any  other  characteristics  of  the  demodulated  signal 
instead  of  a  time  plot  of  the  r-f  wave. 

A  representative  functional 
diagram  of  an  analysis  system 
is  shown  In  Figure  M-1. 

In  the  case  of  a  radar  emis¬ 
sion,  a  complete  identification 
would  involve  a  comparison  of 
ri0UB*n.j  runcilon.lDl.ir.tn  ^^0  time  function  for  at  least 

oi  en  Analycl.  Syii.m  antenna  rotation  (In  the 

case  of  a  surveillance  type)  with  a  model  from  a  stored  library.  This  is  again 
a  difficult  task  and  in  most  cases  unnecessary.  For  a  radar  having  an  r-f  band¬ 
width  of  4  megacycles,  negligible  information  would  be  required  for  polarisa¬ 
tion  and  spatial  coordinates,  but  with  a  I  to  1  slgnal-to-noise  ratio  as  a 
usable  signal  level,  approximately  2.5  X  10^  bits  would  have  to  be  stored  to 
analyse  every  possible  evident  or  hidden  characteristic  of  the  system. 

This  procedure  may  be  necessary  for  examining  the  nearby  rsfiectiona 
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from  tht  radtr  for  “Angerprlatlnt"  putpoMf,  In  which  ctM  only  thf  time 
immediately  following  the  main  tranamitted  pulN  need  be  examined.  Often 
miny  racordlngi  may  be  luperimpoeed  to  conierve  etorage  ci^ity,  This  ie 
useful  when  a  human  obeerver  U  available  for  performing  tlw  comparleon 
with  the  known  model. 

The  human  obeerver  It  frequently  able  to  identify  the  patterns  obtained 
and  thereby  rqilace  much  complex  elMtronic  equipment.  The  study  of  pat¬ 
tern  recognition  by  human  ^tiecrveri  is  a  branch  of  psychophysics.  It  Is 
possible  by  suitable  transformations  to  provide  patterns  which  are  luaceptible 
to  preferential  recognition,  acoustically  and/or  visually. 

When  certain  basic  assumptions  may  be  made  relative  to  the  emission, 
the  analysis  function  is  very  much  slmpliAed,  as  exemplified  in  the  follow- 
ing. 

Tba  routional  rate  of  a  radar  of  the  surveillance  t^po  Is  generally  a  con^ 
slant.  Therefore,  it  Is  suftkient  for  the  intercept  equipment  to  recognise  the 
rotational  rate  and  unleea  information  U  required  regarding  the  antenna 
directive  peitern,  the  effects  of  modulation  of  the  r.f  signal  due  to  antenna 
rotation  can  be  neglected  and  not  stored.  The  rotational  rate  need  not  be  a 
constant  If  it  can  be  expressed  by  a  simple  law,  so  that  effects  due  to  the 
motion  of  the  antenna  can  thereafter  be  neglected.  A  similar  analysis  can  be 
performed  to  recognise  a  nutatinf-type  radar.  In  addition,  if  the  radar  li  a 
pulsed  type  with  a  Axed  pulsewidth  and  pulse  repetition  rate,  then  further 
simpHAcatioru  may  be  made  by  recognising  modulations  of  the  r*f  carrier  u 
being  due  to  pulses  occurring  at  a  certain  rate  and  having  a  certain  width. 
If  the  radio  frequency  of  a  radar  is  Axed  and  does  not  shift,  than  the  record¬ 
ing  of  the  r-f  wave  can  be  dispensed  with  altogether  and  a  single  attribute, 
radio  frequency,  may  be  substituted.  By  a  few  simplifying  assumptions  such 
u  these,  the  storage  capacity  necessary  to  represent  the  radar  signal  is 
reduced  from  many  million*  of  bits  to  about  one  hundred. 

In  gekiers),  Infornuition  which  leads  to  the  IdentiAcation  of  a  known  type 
of  radar,  its  location,  and  the  number  of  radars  in  the  community  is  called 
radar  order-of-batile  (ROD)  information,  whereas  detailed  Information  which 
often  is  obtainable  only  by  careful  analysis  of  wideband  recordings  is  called 
technical  Intelligence.  It  ie  much  simpler  to  identify  a  rad  ^  as  being  one  of 
a  known  kind  for  which  u  model  Is  available  than  to  ana..  '  a  complex  sig¬ 
nal  to  determine  Its  function  and  mode  of  operation. 

The  simplifying  assumptions  are  often  based  on  fundamental  considera¬ 
tions.  For  example,  in  procuring  a  quantity  of  a  certain  type  of  radar  for 
defense  purposes,  three  to  six  years  are  generally  required  to  develop  an 
equipment,  luVject  It  to  environmental  tests,  and  to  produce  a  quantity  at 
a  minimum  of  cost  by  production  line  techniques.  As  is  well  known,  any 
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clunse  of  de*i|n  during  tb«  cours*  of  minufictur*  rtiulta  in  grMtly  in> 
creucd  cotU  and  delays  In  prucuranient  and  th«  service  and  maintenance 
problem  in  the  field  becomes  quite  complicated.  Because  of  these  conditions, 
many  radars  will  have  quite  rimilar  diaracteriitics  and  one  model  nuy  be 
used  to  Identify  many  hundreds  of  radars.  Additional  constraints  in  the 
design  are  introduced  by  the  state  of  Kientific  develr^ment  and  component 
characteristics.  For  example,  in  S*band  radar  of  a  given  antenna  rotation 
rate  will,  within  limits,  have  Its  beamwidth  prescribed,  since  for  a  given  range 
capability  (which  determines  the  pulse  repetition  rate  to  avoid  second  time 
around  echoes)  the  antenna  beamwidth  will  determine  the  minimum  number 
of  hits  per  revolution  that  will  be  made  on  any  target,  (^nstralnta  of  this 
type  dictate  that  the  deiigner  is  not  free  to  choose  with  complete  freedom 
the  chsracterlstics  to  be  designed  into  a  radar  emitter. 

An  Intereeting  method  of  repreeenting  the  signal  characteristics  of  an 
emitter  such  as  n  radar  is  to  plot  the  simplified  attributes — that  is,  radio 
frequency,  rotational  array,  bandwidth,  pulse  repetition  rate,  pulsewidth, 
and  pt)Uriaatlon  in  an  n-dimensioned  hyper^iace  coordinate  system.  A  given 
radar  can  then  be  represented  u  an  n-^ntensloned  polytepe  In  this  hyper- 
space.  The  bounds  of  such  a  polytope  ere  not  sharp  or  uniquely  determined, 
but  have  a  dispersion  determined  by  the  tolerances  that  are  maintained 
under  operating  conditions.  It  is  carily  seen  that  not  all  geometric  configura- 
tkme  arc  possible,  and  that  the  constraints  placed  upon  the  designer  limit 
tbe  choice  of  the  geometry  of  these  n-d!meneioned  volutnee. 

The  problem  now  Is  to  Intersect  this  polytopc  with  a  byperplane  selected 
so  that  a  tingle  or  a  minimum  number  of  measurements  will  yield  the  highest 
probability  of  identifying  the  remaining  geometric  configuration.  This  mea¬ 
surement  need  not  be  one  of  a  single  signal  attribute,  but  rather  may  be 
selected  as  a  relation  between  two  or  more  attributes.  For  exsmple,  f  =: 
AF/F,  where  AF  is  tbe  bandwidth  and  F  Is  the  radio  frequency  of  the 
transmitter,  may  be  used.  This  use  of  reiatioAsbips  corresponds  to  an  analysis 
{torn  tbe  morphological  viewpoint  and  involves  the  ratio  of  two  edges  of  the 
polytope. 

As  indicated  above,  tbe  development  of  components,  practical  mechan¬ 
ical  design  problems  and  other  considerations  limit  the  freedom  of  choice  for 
tbe  radar  so  that  the  polytope  geometry  as  a  function  of  spatial  location  has 
certain  most  probable  shapes.  This  means  that  radars  can  be  identified  quite 
often  by  similarlites  in  shape  (Isomorphism)  of  their  plotted  charsctcHstics. 
An  interesting  extension  of  this  is  the  identiflestion  by  a  comparison  of  tbs 
Schlegei  diagrams*  (plane  projection  metheds  of  R-dimeniloned  geometry). 

*SomnMrvlli«— /nlrerfNcnofi  l«  C*om$try  cj  H-DhiiniUm — Dovir,  N«w  York 
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ll.ltS  ClaHlflcaUan  SyMem  TjrpM 

Hm  analyilt  of  int«rctpt»d  ilgnals  lUrU  at  Um  receiver.  Two  diaUnct 
philoaophiaa  of  rtoeiver  dMign  have  been  followed  in  toe  conatruction  of 
reconnaliaance  equipment — the  ecanning  receiver  and  the  “wide-open”  re¬ 
ceiver-each  of  which  may  be  claMiflied  according  to  the  type  of  analyals 
performed  during  the  cc^tion  proceea. 

The  acannlng  receiver  aelects  aignala  aaquentially  in  order  of  Increaaing  or 
deereuing  frequency  by  tuning  acroee  the  frequent^  band  of  Intereet.  The 
AN/APR-9  ia  a  typical  example  of  auch  a  ayatem.  Thia  receiver  utillaea  a 
lO-nugacyck  wide  bandpaaa  which  can  be  aantsed  alowly  over  a  frequency 
range  of  1,000  to  10,750  megacyclea.  The  aenaitivity  of  the  AN/APR-9 
receiver  ia  aj^xlnuttety  70  decibela  below  a  milllwait  (—dbm),  which  la 
uauaily  adequate  for  detecting  radar-type  emittera  even  wten  the  main  beam 
b  directed  away  from  the  reconnaliaance  receiver.  The  major  dlaadvantage 
of  a  lequentlal  or  frequency  acacning  ayatem  ia  that  in  a  crowded  environ¬ 
ment  the  reconnaliaance  veMcle  may  paae  through  an  area  of  activity  before 
the  frequency  acanning  proceaa  hu  corned  the  entire  band  of  intereat.  Aiao, 
the  probability  of  miaalng  abort  meeaagei,  auch  u  might  bo  used  for  OCX 
operatione,  is  txcetalvely  high.  A  preaent  approach  ia  to  Incraaat  the  prob- 
abiUty  of  intsreeptios  o'  short  mesaiges  by  utlliiinf  combinations  of  acan¬ 
ning  receivers  and  dividing  up  the  reaponalbilitiei  of  signal  praaenct  detaction 
and  maaaage  content  deieetkm. 

The  wide-open  receiver  technique  obviates  the  prevloua  objection  for 
ELINT  appllwtion  by  employing  video  detection  without  selection  of  a 
rarrow-frequency  band.  The  fliters  and  ampliftera  preceding  the  video 
detector  peic  the  entire  band  of  interest.  All  ^gnala  occurring  is  the  band 
art  proceeaed  In  parallel  by  tbe  reconnaissance  receiver.  The  AN/APD-4 
and  AN/DLD-1  are  typical  wide-open  airborne  reconnalaeance  ayatemi 
covering  tbe  1,000  to  35,000-megacycie  region.  Since  the  bandwidth  ia  wide, 
receiver  sensitivity  ia  only  of  tbe  order  of  —40  dbm.  Therefore,  a  receiver 
with  this  psrallci  processing  ability  may  miaa  sigtiala  from  distant  transmit- 
tars  locat^  to  tba  side  of  the  vehicle  path  because  of  low  sensitivity.  An¬ 
other  drewback  of  the  paraliel  processing  procedure  la  the  difficulty  inherent 
In  proccuing  overlapping  signals.  For  pulsed  radars,  the  overlap  of  pulses  la 
of  negligible  consequence;  however,  the  Interlace  of  several  pulM  trains  does 
pose  problems  in  subsequent  analysis.  Signals  of  a  high  duty  cycle,  such  as 
c-w  rails  rs  and  most  communication  signals,  cannot  be  satisfactorily  handled 
by  a  parallel  system. 

The  parallel  or  wide-open  system  is  most  useful  for  general  area  recon¬ 
naissance  where  the  electromagnetic  environment  is  defined  in  broad  terms 
over  wide  geographical  areas.  The  sequential  or  “discriminating”  system,  on 
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the  other  hind,  ii  moet  uieful  for  ipeclil  irei  reconmluince  where  «  priori 
data  on  the  environment  are  available.  In  many  caaes,  eekctive  techidquea 
are  uaed  u  a  (oliow'up  to  wide-open  technique!  in  obtaining  technical  in¬ 
telligence. 

ll.ltA  Scanning  Proceeaee  Mil!  ProbnblUty  of  Inlereept 

The  concept  of  "Probability  of  Intercept"  has  created  much  miiunder- 
itanding  becauM  eeveral  deftnitioue  may  logically  be  applied.  IImm  deflni- 
tiona  are  baaed  on  the  probability  of  obtaining  varioua  deireoi  of  iatelllgeiice 
from  the  intercepted  data,  which  ultimately  determines  the  uMfuInesc  of  the 
reconnaiiaance  miislon  to  a  particular  using  agency. 

For  purposes  of  comparison,  we  may  select  a  rather  unrealiuble  but  all- 
inclusive  dcflniticn  that  a  perfect  reconnaissance  system  muat  intercept  and 
record*  all  signals  that  are  emitted  at  any  time,  anywhere  on  earth,  over  the 
complete  radiation  spectrum.  However,  in  obedience  to' some  natural  laws 
and  the  atate-of-the-art,  it  is  reasonable  to  allow  a  few  compromises  in  the 
deftnltioH:  First  of  all,  let  us  limit  the  spectrum  to  the  frequency  band  usually 
covered  in  a'' borne  instrumentation:  that  is,  30  megacycles  to  40  kiiomep- 
cycles.  Another  reasonable  compromlM  may  be  to  limit  the  area  of  coverage 
to  a  radius  limited  by  the  llnc-of-slgbt.  Now  we  should  consider  the  effect 
of  further  restrictions  in  setting  a  uMful  criterion,  since  instead  of  physical 
limitations  we  are  new  dealing  with  compromisM  between  the  ingenuity  of 
system  designers  and  the  needs  of  intelligence. 

If  we  are  capable  of  intercepting*  continuously  all  signals  emitted  between 
30  megacyclM  and  40  kilomegacycles  at  kss  than  llne-of-sight  from  a  moving 
airborne  platform,  how  much  of  these  data  are  actually  r^Mded?  If  all  data 
are  needed,  then  we  must  say  that  this  criterion  is  then  our  basis  for  100 
percent  probebillty  of  intercept. 

Considering  ELINT  alone,  the  various  categories  of  reconnaissance  system 
designs  can  usually  claim  100  percent  probability  of  intercept  under  various 
qualified  conditions,  but  which  have  varying  degrees  of  usefulness  to  the 
intelligence  analyst.  Accordingly,  the  following  list  of  categories  has  been 
found  useful  in  depicting  the  amount  of  intelligence  that  is  ideally  available 
from  a  given  operation.  Thus,  a  system  may  have  100  percent  probability  of 
Intercept  that  can  receive,  record,  and  analyse: 

(1)  All  emissions  from  all  radars  continuously,  in  the  area  covered  by 
line-of-sight  regardless  of  antenna  scan,  or 

(2)  All  intercepts  from  main  beams  of  all  radars  In  the  line-of-s!ghi  area, 
or 

*The  iMumptlon  it  made  that  ill  diti  ire  jo  rMordfd  thit  they  n»  In  (ict  b«  n- 
tricted  In  the  lubifqurnt  procetilni  (unctloni. 
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(3)  Sufficitnt  intercepU  from  intin  bmmi  In  Um  UneM)f-ti|ht  irn  for 
idntiflcntlon  and  Socatlon  of  all  radara. 

In  this  classification  order,  there  is  decreasing  intciHience  capability  in  the 
corresponding  systems.  Thus,  a  class  ( 1 )  system  can  prseent  tito  full  amount 
of  available  information  regarding  any  rs^r  that  is  operated,  no  matter  in 
what  direction  its  antenna  is  pdated  or  for  vdiat  interval  o!  time.  Such  a 
system  would  obviously  be  directed  mainly  toward  the  area  of  technical 
intailigence. 

A  class  (2)  system,  which  utilises  the  time  scanning  of  the  intercepts  of 
rotating  radars  to  reduce  the  traffic  density  is  also  useful  in  technical  Intel- 
llgonce  because  there  is  available  a  complete  time  history  of  all  intercq>ts. 
The  use  of  reduced  sensitivity  implies,  however,  that  distant,  low^wcr 
radars  or  radars  vdiich  never  “look*'  at  the  receiver  will  not  be  received. 

llbe  dess  (3)  system  reliee  on  the  abundance  of  redundancy  in  a  radar 
environment  to  reduce  both  data  rate  and  the  required  atorage  capacity. 
Such  redundancy  is  usually  available  from  scanning  search  radara,  but  for 
short-term  trackera  and  experimental  devicaa  there  would  be  lew  probability 
of  intsreept.  At  present,  the  daw  (3)  concept  appeari  to  be  nxMt  valuable 
in  reconnaissance  for  tactical  ROB  situations. 

There  may  be  other  probabilltiee  of  intercept  for  qwclal  purpoeei.  For 
example,  consider  the  wide-open  type  of  EUNT  reconnaiwance  receiver  in 
which  t^  operation  is  typified  by  a  continuous  aucctseion  of  frame  or  bok 
intervals.  The  observations  obtained  during  each  sampling  interval  are  ee- 
quentially  recorded  on  photographic  film  or  magnetic  tiqw.  It  i .  pertinent  to 
ask,  what  Is  the  probability  that  only  one  emitter  shall  be  logged  within  a 
given  frame  and  in  a  given  environment  of  scanning  radars;  or,  for  a  given 
environment,  what  is  the  moat  deairablt  frame  rate  from  Um  standpoint  of 
obtaining  a  high  yield  of  unambiguous  (i.a.,  single  emitter)  frames?  The 
Poisson  distribution  applies; 
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in  vdiich  P,  Is  the  probability  of  exactly  r  scanning  radars  logging  within  a 
frame  of  period  /  In  a  signal  density  environment  in  which  the  long  term 
average  number  of  radars  logged  per  frsme  is  a. 

At  this  point.  It  should  be  mcntlcried  that  in  general  a  reconnaissance 
receiver  is  desigined  to  scan  in  one  but  no  more  than  one  of  the  severai 
available  dimensloni.  If  more  than  one  simultaneous  scanning  process  is 
involved,  then  the  probability  of  intercept  u  defined  by  class  (2)  or  (3) 
above  becomes  exceailvely  small.  It  hu  been  pointed  out  that  if  scanning 
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or  prMclectlon  in  mrm  form  U  not  provid«<J,  then  tht  date  rata  bscocnN 
prohibitively  high  in  terms  of  the  required  itorags  cspsclty.  Note  that  the 
■o-called  wide-open  ELINT  receivers  ueually  entail  a  tacit  scanning  process 
by  reason  of  their  limited  sensitivity  in  conjunction  with  the  rotating  narrow- 
bMm  antennas  of  the  radar  emitters.  COMINT  receivers,  on  the  other  hand, 
are  always  of  the  bi|h-senaitivity,  hlgh-seiectivity  frequency  scanning  variety. 

Therefore,  for  purposes  of  providing  reconnaissance  intelligence  the  prob¬ 
lem  Is  that  of  dedding  how  much  Information  a  system  must  abcorb  on  a 
given  mission  so  that  the  desired  intelligence  kvti  nwy  be  achieved,  since 
the  "rate  of  absorption"  is  related  to  the  storage  capadty,  sensitivity,  and 
frequency  coverage  of  a  system,  the  design  is  usually  a  composite  of  com¬ 
promises  which  recognise  a  limited  storage  capacity  and  ten^  to  make  use 
of  time  or  frequency  Ksnnlng  to  reduce  the  date  rate. 

11.2  Anslyaie 

The  problem  of  analysis  of  reconnalisance  data  can  be  summarised  u  the 
ptrcipthn  of  form  in  accordance  with  some  form  or  model  already  aatab- 
lithed  in  fact  or  concept.  Following  this  definition,  this  MCtlon  0*itllne8  a 
roncaptuai  basis  for  an  orderly  analysis  and  generation  of  end  intelligence 
products.  It  Is  to  be  emphasised  that  there  is  no  oho  intelllgtsce  product, 
but  that  there  are  many.  Ea.h  user  of  intelligence  produces  his  own  unique 
requirements  and  thaaa  must  be  reflected  through  not  only  the  analysis  of 
data  but  tha  entire  rec'^nnaissance  complex.  This  involves  optimisation  of 
collection,  storage,  proceeeng  analysis,  and  dissemination.  In  thli  dlacuasicn 
on  analysis,  tbs  topic  will  be  dlWded  into  two  genertl  headinp:  Primary 
Analytli  and  Secondary  Analysts. 

Tte  primary  analysis  of  rsconnalaaance  data  may  occur  at  any  point  in 
the  system.  Indeed,  it  may  take  place  within  the  reconnaissance  rKeiver 
itself.  At  times  it  nuy  be  dlfAcult  to  make  a  clear  distinction  between  tho 
receiving  function  and  the  analysis  function.  Such  difRcuity  may,  however, 
be  removed  if  the  primary  analysis  is  thought  of  u  the  ulUixaUoH  of  certain 
technical  parameters  generated  wi  Jiln  the  receiver. 

11.2.1  Primary  Analyete 

One  of  the  main  diftlculties  involved  In  analyiia  of  reconnaissance  data  k 
the  need  for  making  rather  sophisticated  decisions  at  a  high  rate.  The  baiia 
of  primary  analysis  is  to  put  first  things  flrit.  Reference  to  Figure  ll-l 
Indicates  the  over-all  concept.  The  data  are  received  from  the  collection 
station  or  stations  and  put  Into  a  storage  facility.  This  facility  is  in  essence  an 
Information  buffer.  Primary  analysis  operates  at  a  very  high  .speed.  The 
patterns  are  examined,  and  identifleation  and  priority  determination  ara 
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performed.  For  certain  intelligence  requirements,  end  products  are  generated 
at  this  point.  Basically,  i  information  available  may  be  divided  Into  several 
categories.  For  this  purpose,  we  may  list  the  various  types  of  reconnalsrance 
data  (as  defined  ir.  previous  sections) : 

ELINT — intelligence  derived  about  the  emitter 
COMINT — intelligence  derived  jron  the  emitter 
RADINT-^intelllgence  derived  about  and  from  enemy  actMtIes  utilieing 
activa  tecbniques 


With  these  definitions  In  mind,  we  may  broadly  list  the  infornmtlon  which 
can  be  derived  during  the  primary  analysis.  From  ELINT  data  we  can 
determine  the  type  or  category  of  emitter  (e.g.,  Token,  Yo  Yo,  etc.).  For 
radars  this  requires  sorting  and  correlation  of  amplitude-modulation  time 
series.  In  addition,  we  may  determine  the  level  uf  emitter  activity  or  average 
density  of  any  niunber  of  parameters,  such  as  frequency-time,  frequency- 
position,  prf-frequency,  prf-pulsewidth,  etc  From  communications  data  we 
may  determine  the  classification  of  the  emitter,  e.g.,  ground-to-ground  com¬ 
munications  utilising  hand-set  Morse,  frequency,  stability,  location,  priority, 
traffic  analysis,  etc.  In  the  case  of  COMINT  we  can  determine  the  intelligence 
that  is  being  sent  over  the  circuit.  However,  since  this  requires  a  far  more 
detailed  and  time-consuming  analysis;  it  is  not  performed  as  part  of  pre¬ 
liminary  analysis.  This  function  is  performed  as  part  of  secondary  analysis, 
but  ordy  after  the  priority  determination  has  placed  Arst  thinp  Arst. 

A  more  detailed  picture  of  the 
primary  analysis  concept  Is  given 
in  Figure  11-2.  The  distributor 
routes  all  intercepts  to  preliminary 
analysis  and  to  the  buAer  storage. 
If  the  input  data  are  such  that 
primary  analysis  becomes  over¬ 
loaded,  then  data  entry  from  the 
buffer  may  be  effected  at  a  later 
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time.  In  brief,  the  primary  analysis 
operation  consists  of  digitising  the 


signal  for  a  preliminary  analysis.  Preliminary  analysis  extracts  video  para¬ 


meter  data  necessary  for  signal  IdentiAcation.  Actual  identlAcation  is  per¬ 


formed  by  a  table-lookup  operation  in  the  library  which  Is  the  heart  of 


the  primary  analysis  operation. 


Ilt2.2  Library  and  Indexing 

The  data  extracted  from  the  library  are  also  utilised  tc  obtain  an  activity 
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analytihi  ai  mentioned  before,  e.g.,  density  counts,  trafAc  analyaU,  etc.  In 
addition,  the  extracted  data  U  used  for  priority  determination.  Once  the 
priority  haa  bee-t  established.  It  is  assigned  to  the  signal  that  is  stored  in  its 
entirety  and  true  form  in  the  buffer  storage.  In  this  manner,  updated  priority 
assignments  are  available  to  the  buffer  to  control  the  appropriate  sequencing 
of  Input  data  to  secondary  analysis. 

It  is  clear  that  the  success  of  the  preceding  method  of  primary  analysis 
depends  upon  two  factors:  generation  of  an  indexing  word  and  library  in* 
dexing  of  a  priori  data.  The  heart  of  the  analysis  at  this  stage  can  be  simply 
stated.  The  input  signal  must  be  characterised  by  an  uniquely  descripUve 
indexing  word.  This  word  must  be  digital  to  be  compatible  with  the  high* 
speed  search  and  logical  comparison  operation  of  the  table-lookup  function 
required  of  the  library.  The  system  design  must  so  devise  the  signal  indexing 
word  that  a  rapid,  accurate,  reliable  comparison  operation  can  ^  performed. 
The  Indexing  operation  consists  of  two  steps:  signal  analysis  and  merger 

^  _  %vith  technical  parameter  datn  shown  in 

taKnk  JSU  MirMM  —  Figure  11-3.  The  video  parameter  data 
^"1  serves  to  form  a  partial  index  which  is 

tNtaMpmwMi  J  derived  from  the  modulation  characteristic 

riousi  11-3  IntciKilon  ol  Video  and  of  xhe  technical  parameter 

TKhnkal  Paramatar  Data  ,  p,.  f^ 

data  generated  within  the  collection  lyitesn*  These  are  items  such  as  fre¬ 
quency,  time,  location,  propagation  conditions,  etc.  Merged  In  the  proper 
manner,  they  form  a  digital  word  that  may  be  used  to  identify  an  addreM 
in  the  Ubrr.ry.  Once  this  address  is  located,  logical  oneratlons  nuty  proceed 
to  further  subdivide  the  index  and  the  address  u  the  category  and  identl- 
ftcatlon  processes  increase  in  detail. 

It  is  clear  that  prior  knowledge  of  the  signal  category  is  necessary  before 
library  Identiftcation  techniques  can  be  applied  to  the  problem.  This  implies 
use  of  all  existing  informstinn  regarding  signal  types  and  uage.  An  extension 
of  the  library-indexing  proceu  Is  information  feedback  to  the  library.  In  case 
an  indexing  word  is  generated  during  primary  analysis  which  is  not  Iden- 
tiflsbie  with  sny  words  stored  in  the  library,  this  is  noted  and  human  inter¬ 
vention  is  required.  If  this  signal  appears  to  be  in  a  legitimate  but  new 
category,  the  proper  index  is  given  an  address  in  library  storage.  In  this 
manner  the  library  may  be  made  to  regenerate  itself  based  upon  reconnais¬ 
sance  data  coming  in  from  collectors  or  intelligence  derived  from  other 


sources. 

In  summitry,  the  function  of  primary  analysis  Is  to  permit  reliable  high¬ 
speed  indexing,  classiftcation,  and  priority  assignment  of  incoming  signals. 
It  |>ermlti  determination  of  the  optimum  order  of  higher  level  analyses  which 
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utlliN  inta’s  deductive  end  i»ductiv«  capitcitiee  ai  well  aa  advanced  machine 
tachalquaa. 

11.2.9  Saeondsrjr  Anulyaia 

After  initial  analyaia  hat  lenerated  the  first-order  inteliigence  products  by 
aetabllihing  the  category  and  priority  of  the  intercepted  data,  the  oHginal 
data  are  transferred  to  secondary  analysis.  Since  secondary  analysis  is  more 
detailed,  it  proceeds  ai  a  iower  rate.  basis  for  determining  the  sequential 
order  of  signal  processing  is  tha*  '>ti  of  the  indcidng  word  which  denotes 
priority.  A  full  discussion  of  priority 's  giver  >lsewhere.  Briefly,  it  deals  with 
the  dynamic  behavior  of  the  "value”  of  the  inir'Uger<Re.  This  implies  a  time- 
value  relationship.  This  functional  relation  does  <t  l‘self  remain  invariant 
but  is  a  function,  in  turn,  of  other  factors:  e.g.,  prt.  *  po-  j.istllltles,  revi¬ 
sion  of  validation  function,  etc. 

The  purpose  of  secondary  analysis  is  to  determine  detailed  information 
concerning  the  signal  to  accomplish  two  thinp.  First:  in  the  case  of  non¬ 
communications  signals,  to  permit  a  identifleation.  Second:  in  the 

case  of  communications  signals,  to  permit  not  only  unique  equipment  Identity 
but  to  obtain  mescap  content  and,  in  the  case  of  hand-sent  signals,  operator 
Identification. 

The  success  of  both  of  these  objectives  depends  upon  a  close  scrutiny  of 
the  signal  over  a  long  time  interval.  Thus,  continuity  of  intercept  is  a  funda¬ 
mental  requisite.  This  should  not,  however,  rule  out  a  sampling  approach 
ptr  Si,  elnce  such  a  transform  might  be  far  better  adapted  to  a  particular 
kind  of  intercepted  signal  and  may  carry  the  dMired  amount  of  information. 

Figure  11-4  shows  the  sec¬ 
ondary  analysl*  concept.  In 
order  that  a  carrier  contain¬ 
ing  n  independent  channels 
be  handled,  it  is  first  neces¬ 
sary  to  recover  the  ban  band 
or  bands  and  then  supply 
appn^riate  demodulation  for 
each  channel.  Automatic, 
flexible  machine  techniques 
have  been  devel(^>ed  that 
for  very  complicated  systems. 

A  character  aiulysls  is  performed  on  the  data  to  determine  the  luiture  of 
the  transmiulon,  e.g.,  machine  Morse,  teletype,  etc.  After  the  mode  of  emis¬ 
sion  has  been  determined,  it  Is  generally  possible  to  convert  ail  pulse  codes 
to  a  common  machine  language.  In  the  case  of  non-pulse  transmissions,  it  is 
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iMcemry  to  apply  lampling  techniques  and  convert  to  puh^  o«'  to  bring  In 
a  hutf4in  analyst  at  this  point.  A  decision  regarding  which  course  of  action  b 
best  must  rest  with  an  analysis  of  all  factors  In  a  particular  case.  It  is 
dangerous  to  generalise  on  this  point. 

Assuming  that  a  common  machine  language  has  been  achieved,  communi** 
cations  signals  are  examined  to  determine  the  Unguiitic  origin.  A  number  of 
methods  of  approach  are  open  here,  e.g.,  keyword  analysis,  phonemic  fre¬ 
quency  distribution,  etc.  If  the  language  base  can  be  determined,  translation 
will  probably  be  required.  At  the  preseni  time,  there  are  no  completely  satis¬ 
factory  machine  translation  techniques.  Hence,  a  human  may  be  required 
at  this  point.  It  Is  probable,  however,  that  satisfactory  automatic  metboria 
will  become  feasible  In  the  near  future. 

If  translation  Is  impossible  by  any  means,  it  it  reasonable  to  assume  tlu  t 
the  data  is  encrypted.  A  rryptographic  analysis  will  reveal  this  fact  as  well 
as  the  level  of  crypt.  This  is  useful  for  determining  additional  priority  in¬ 
formation  as  well  as  aiding  in  actual  decryption. 

In  the  case  of  m^sage  content,  a  complete  text  analysis  will  reveal  much 
detailed  information  of  Interest.  If  the  communication  follows  a  known 
standard  (grating  procedure,  much  of  the  text  analysis  can  be  machine 
Implemented.  However,  there  will  be  many  Instances  where  It  will  be  more 
effective  to  utilise  human  capabilities.  For  example,  it  is  not  preaentiy  pos¬ 
sible  to  instrument  sophisticated  inferential  techniques — particularly  where 
decisioirs  regarding  various  **shades  of  meaning*'  are  involved.  This  Is  still  a 
fruitful  area  of  hitman  endeavor. 

Finally,  the  dissemln&tlors  of  the  intelligence  information  nnust  be  given 
careful  consideration.  This  area  involves  transformation  of  information  into 
a  meaningful,  timely  product  that  is  compatible  with  user  requirements.  As 
such,  ni^roxlmate  communications  channels,  display  devices,  information 
call  and  recall  capabilities  must  be  provided.  The  dissemination  mechanism 
is  very  diffuse  because  It  Involves  acceu  to  nearly  all  parameters  discussed 
thus  far,  e.g.,  density,  index  data  classifleation,  Identlflcatlon,  alarms,  etc. 

II.S  TeehniquM  and  Devices 

ll.S.l  Storage  Systems 

A  major  common  requirement  of  ail  reconnaissance  systems  Is  that  of  data 
storage  capability.  This  requirement  arises  from  several  causes,  such  as: 
(a)  a  large  amount  of  library  type  information  is  required  In  order  to  ascer¬ 
tain  the  sIgniAcance  of  new  information,  (A)  a  large  buffer  storage  capability 
ia  required  to  enable  the  processing  of  high  priority  data  without  loss  of 
data  of  leaser  priority,  (c)  it  is  usually  difAcult — if  not  impractical — to  com- 
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pletcly  proceu  reconnaissance  data  in  real  time,  at,  for  example,  when  data 
are  being  gathered  by  a  reconnaiMance  drone,  and  (d)  the  inaly&ti  process 
itself  entails  a  variety  of  preliminary  storage  applications,  such  as  providing 
a  means  for  determining  the  pulH  repetition  rate  of  a  radar  type  emission. 

All  of  the  data  storage  techniques  and  devices  that  have  been  applied  to 
computer  technology  have  also  been  used  to  implement  the  priKcsses  of 
collection  and  analysis  of  electronic  reconnaissance  data.  The  media  wl 
predominate  are  magnetic  tape,  photographic  him,  punched  cards,  magnetic 
cores,  electromagnetic  \'ay  lines,  sonic  delay  lines,  cathode  ray  storage 
tubes,  printed  copy.  encil  and  paper. 

There  Is  much  room  lur  growth  in  the  realm  of  storage  systems.  It  would 
be  highly  desirable,  for  example,  to  provide  for  long  term  storage  of  portions 
of  the  r-f  spectrum  above  iO  megacycles.  Such  a  facility  would  greatly  In- 
cie&se  the  probability  of  detection  of  transmissions  utilising  techniques  or 
systems  of  which  we  may  be  unaware,  now  or  in  the  future,  simply  because 
existing  detection  systems  are  not  sensitive  to  all  pouible  classes  and  modes 
of  conveying  Infornuition  via  electromagnetic  energy. 

11>8«2  Analyala  Teebniquet 

There  Is  a  tremendous  range  of  degree  of  sq)histicatior  of  techniques 
invoked  for  the  derivation  of  FLINT  and  COMINT  from  reconnaissance 
missions.  This  is  to  be  expected,  since  the  Information  derived  ranges  in 
complexity  from  deriv*ng  the  radio  frequency  of  an  emission  to  determin¬ 
ing  the  total  signihcance  of  an  encrypted  foreign  language  message,  taking 
into  consideration  any  pertinent  Information  gathered  from  other  sources. 
No  attempt  wll)  t>e  made  to  cover  all  techniques  that  have  been  utilized, 
as  such  an  endeavor  wut>M'  be  well  beyond  the  sco()e  of  this  book.  Rather, 
we  shall  attempt  to  .0^  a  general  approach  by  means  of  a  few  fpecIHc 
examples. 

Long  term  storage  ooi^ices  are  as  yet  inadequate  for  the  radio  frequencies 
customarily  used  for  radar  and  military  communications;  therefore,  the  fre¬ 
quency  of  an  emission  is  always  determined  In  some  fashion,  coded,  and 
then  stored.  The  method  of  frequency  measurement  used  in  conjunction  with 
the  frequency  Kanning  type  of  receiver  Ss  obvious,  but  some  of  the  techniques 
applied  to  the  wide-open  type  of  receiver  are  worthy  of  mention.  Instantane¬ 
ous  frequency  measurement  is  often  accomplished  by  using  a  bank  of  over¬ 
lapping  bandpass  filters  driven  in  parallel  from  a  single  antenna,  electronic¬ 
ally  {or  otherwise)  observin'^.  Interpolating  and  finally  recording  an  analog 
of  the  actual  radio  frequency.  Another  technique,  used  In  the  AN/Al*I)-4, 
depends  upon  the  relationship  between  the  directivity  of  the  antenna  array 
and  the  radio  frequency  of  the  received  emission. 
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The  pulie  repetition  frequency  of  a  radar  type  emitter  n^ay  be  determined 
by  meaiuring  the  bunt  lengthi  counting  the  number  of  puliet  comprltlng 
the  bunt,  and  dividing  the  latter  by  the  former.  Or,  pulie  repetition  Interval 
(PRI)  may  be  meaiured  by  itarting  a  c!ock*driven  counter  with  one  inter¬ 
cepted  radar  pulie,  stopping  the  counter  with  the  following  radar  pulie,  and 
reading  the  contenti  of  the  counter.  If  the  clock  ii  operating  at  a  1 -mega¬ 
cycle  rate,  the  reading  of  PRI  ii  in  microiecondi.  It  li  customary  to  check 
that  the  two  puliei  emanated  from  the  lame  radar  emitter  by  comparing 
the  time  interval  between  the  flnt  and  lecond  received  puiiei  with  the  time 
interval  between  the  sicond  and  third  received  puiiei,  If  the  two  intervali 
are  net  equal  or  nearly  equal  then  the  three  puliee  may  generally  be  pre- 
lumed  to  have  emanated  from  more  than  one  radar. 

The  width  of  a  radar  pulse  may  be  determined  by  uiing  differentiation  or 
integration  methodi.  In  the  case  of  a  wide  pulie,  differentiation  U  preferable. 
The  detected  pulse  Is  passed  through  a  differentiating  circuit  and  a  counter 
is  employed  to  measure  the  time  between  the  differentiated  leading  and  trail¬ 
ing  edges.  In  the  case  of  narrow  pulsewidths,  integration  oi  the  detected  pulse 
is  commonly  used.  The  integral  or  area  of  the  pulse  U  then  an  Indication  of 
the  pulsewidth.  A  weighting  function  must  be  introduced  to  account  for  the 
normalization  of  the  pulse  height. 

There  are  several  techniques  appropriate  for  indicating  signal  density  as  a 
function  of  time  or  geographic  location.  The  CP-269/ASQ-1S  system  accom¬ 
plishes  this  function  by  plotting  frequency  of  intercept  versus  Hme  at  the 
system  frame  rate  of  60  points  per  second.  The  high-speed  plotting  Is  ac¬ 
complished  by  using  a  light-beam  galvanometer  recording  on  self-developing, 
lighi-sensitive  paper.  Thus,  in  a  relatively  short  time  a  display  is  generated 
which  reveals  the  total  number  of  emitters  Intercepted,  the  number  of  active 
emitters  at  any  given  time  or  location,  as  well  as  other  valuable  data  such 
as  the  approximate  frequencies  and  rotation  rates. 

The  polarization  of  an  incoming  electromagnetic  wave  is  determined  by 
the  rcs|X}nse  to  the  wave  of  an  antenna  having  known  pciarization  features. 
Four  antennas,  one  each  vertically  polarized,  horizontally  polarized,  right- 
handed  circularly  polarir.ed,  and  left-handed  circularly  polarized,  will  deter¬ 
mine  the  polarization  of  the  incoming  wave.  In  many  reconnaissance  systems 
It  is  sufficient  to  know  whether  the  signal  contains  either  vertical,  horizontal, 
or  both  components,  in  which  case  the  two  circularly  polarized  antennas  are 
not  necessary. 

The  rotation  rate  of  a  radar  antenna  is  determined  by  counting  the  number 
of  main-lobe  hits  In  a  given  time  interval.  If  the  Information  It  In  long¬ 
term  storage  on  t\lm,  then  the  observer  has  only  to  count  the  number  of 
bursts  In  a  given  length  of  film  and,  knowing  the  film  speed,  determine  the 
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rotaticn&l  rate.  In  case  the  information  is  in  long-term  storage  on  magnetic 
tape,  read-out  can  be  made  at  the  record  speed  through  a  peak  reading 
detector  to  a  counter  used  In  the  same  manner  u  in  pulse  repetition  frequency 
determination.  The  peak  reading  detector  is  used  to  smooth  out  the  ftne 
structure  of  the  radar  pulses  to  yield  one  pulse  per  burst. 

The  operational  function  of  each  emitter  may  generally  be  learned  from 
observation  cf  the  hne  grain  structure  of  speciftc  parameters  or  combinations 
of  parameters.  For  example,  a  radar  that  exhibits  a  low  pulse  repetition  fre¬ 
quency  In  combination  with  a  slew  scan  rate  and  relatively  low  (for  radar) 
radio  frequency  quite  apparently  is  used  for  early  warning. 

Emitter  location  Is  usually  ascertained  through  application  of  one  or  an¬ 
other  of  the  direction-hnding  techniques  enumerated  In  another  chapter. 
The  ASQ-18  system,  designed  for  a  portion  of  the  r-f  spectrum  where  direc¬ 
tion-finding  antennas  are  incompatible  with  present-day  aircraft,  represents 
an  exception  in  that  emitter  location  is  determined  by  correlation  of  the 
variation  of  recorded  signal  strength  as  a  function  of  aircraft  headings  and 
geographical  location  with  the  known  radiation  pattern  of  the  receiving 
antennas.  There  are  other  possibilitiH,  u,  for  example,  emitter  location  by 
analysis  of  scan  rate  doppler. 

A  portion  of  COMINT  processing  may  be  automatised  by  the  use  of 
decision  circuits,  such  at  AM  or  FM.  pulsewldth  modulation  or  pulse  code 
modulation,  etc.,  which  automatically  route  a  message  through  the  proper 
matrix  to  accomplish  appropriate  demodulation  and  demultiplexing.  Much 
more  COMINT  processing  will  eventually  be  iccompllihed  by  machine 
methods,  including  translation  and  description,  but  for  the  present  the  spe- 
ciatly  trained  human  analyst  is  by  far  the  moat  important  factor. 

11.8.8  Sorting  Methods 

A  frequent  major  requirement  In  processing  reconnaissance  data  U  that 
of  sorting  the  data  in  such  a  way  or  ways  as  to  yield  the  maximum  possible 
amount  of  intelligence  material. 

One  of  the  more  glowing  examples  of  the  requirement  for  Urge  scale 
sorting  appears  during  the  processing  of  data  gathered  by  the  ASO-IS, 
which  is  a  wide-open  airborne  receiver  Intended  for  the  detection  and  ar  *sis 
of  intercepts  emanating  from  radar  type  emitters.  The  receiver  has  a  lu  ne 
rate  of  60  per  second  and  the  data  collected  in  each  frame  Is  recorded  on 
magnetic  tape.  The  CP-26^  is  used  to  convert  the  information  on  this  Amt 
magnetic  ta|>e  from  analog  to  digital  form  and  record  it  frame  by  frame  on 
a  second  magnetic  tape  in  a  format  compatible  with  standard  IBM  data 
processing  equipment.  These  data  frawies  are  recorded  in  the  air  and  tran¬ 
scribed  on  the  ground  in  the  same  order  as  the  aircraft  was  lllumimited  by 
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the  many  radari  cotnpriaing  the  environment  through  which  the  aircraft 
paued.  Thu%f  because  of  rotation  ratci,  burnt  length,  peculiaritiea  of  radia* 
tion  patterns  and  varyint^  transmiaalon  distances,  these  data  are  very  dU" 
ordered  as  well  as  voluminous.  It  is  desired  to  organise  the  data  according 
to  emitter,  and  to  a  large  scale  sorting  process  is  next  required. 

A  special  program  has  been  written  to  accomplish  the  sorting  operation 
on  an  IBM  Type  704  data  processing  machine.  The  method  that  evolved 
is  somewhat  unique  because  of  the  large  size  of  the  sort. 

The  magnetic  core  storage  of  the  704  is  programmed  to  perform  the  func- 
lion  of  20,000  imiividual  counters.  Each  counter  Is  used  to  tally  the  number 
of  intercepts  occurring  within  its  associated  three-dimensional  domain  of 
frequency,  FRI,  and  pulscwldth  space.  The  20,000  counters  maybe  *‘ar- 
ranged”  in  any  desired  configuration  to  encompass  whatever  portion  of 
frequency,  I’KI,  and  pulsewidth  Is  desired  and  with  whatever  degree  of  fine¬ 
ness  is  deemed  most  appropriate  along  each  axis.  After  all  intercepts  have 
been  tallied  by  these  counters,  a  search  is  made  for  that  counter  regirtering 
the  highe.st  tally.  Ihe  inttreepta  that  registered  on  this  particular  counter 
are  labeled  Unit  Number  I.  A  search  is  then  made  for  the  counter  with  the 
next  greatest  tally.  If  the  cel!  it  represents  shaves  a  boundary  point,  line,  or 
face  with  the  cell  already  labeled,  its  Intercepts  are  includ^  as  a  part  of 
Unit  Number  1 ;  otherwise  its  intercepts  are  labeled  Unit  Number  2.  Simi¬ 
larly,  the  third  highest  reading  counter  (cell)  is  examined  for  adjacency 
with  any  previously  examined  counter  (celt)  and  appropriately  labeled,  and 
so  on  until  all  or  most  all  intercepts  have  been  associated  with  one  of  the 
clusters  so  formed.  The  mean  and  standard  deviation  Is  computed  for  each 
parameter  of  each  cluster  of  intercepts.  If  one  or  more  of  a  set  of  reading.^ 
of  standard  deviation  associated  with  a  particular  cluster  are  commensurate 
with  experience,  then  the  intercepts  comprising  that  cluster  are  deemed  to 
be  from  a  single  emitter  and  are  sorted  out  and  made-  available  for  further 
action.  If  a  standard  deviation  rending  is  excessive,  then  that  portion  of 
frequency,  FRI,  and  pulsewidth  space  is  redivided  Into  a  finer  structure  of 
cells  and  the  process  is  repeated  until  the  intercepts  have  all  been  sorted 
arxording  to  emitters. 
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Basic  Types  of  Masking  Jammers 
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Previous  chapters  deal  with  signs!  Intercepi  and  the  problem  of  deter¬ 
mining  the  presence  and  nature  of  an  enemy's  sensors  and  weapons.  This 
chapter  deals  or^  with  the  general  characteristics  of  masking  Jammer  trans¬ 
mitters  (henceforth  called  masking  jammers),  Jammers  capable  of  obscuring 
or  denying  information.*  Denial,  which  is  a  characteristic  of  the  effect  pro¬ 
duced  by  masking  jammers,  la  achieved  by  submerging  data  In  interfi^rence 
which  may  coialst  of  white  noise  or  slgnal-lIke  noises.  Since  masking  Jam¬ 
mers  may  be  used  against  radars,  communication  rKeivers,  or  fuses,  the 
nature  of  the  interference  used  will  depend  upon  which  of  these  Is  being 
Jammed.  Thus,  transmission  of  a  narrow  band  of  noise  may  suffice  to  make 
speech  over  a  radio  link  unintelligible  to  a  listener,  while  transmission  of  a 
wide  band  of  noise  may  be  necessary  to  deny  Information  to  a  radar  using 
a  correlation  process  for  detection. 

The  complexity  required  of  masking  Jammers  also  depends  upon  the 
device  being  Jammed.  For  example,  if  a  Jammer  Is  being  used  against  a 
frequency  diversity  radar,  receivers  and  programming  equipment  may  be 
required  to  tune  the  Jammer  to  the  correct  frequencies.  It  may  be  Impossible 
to  predict  or  determine  In  time  the  next  Jamming  frequency  required  to 
successfully  counter  a  frequency  diversity  system  using  non|>erlodic  fre¬ 
quency  control.  Since  specific  Jammers  can  take  on  many  forms,  only  a  few 

*  Radar  rcptateri  and  tranipondtri,  Ihi  lubjecti  treated  In  Chapter  IS,  fulfUl  the 
function  of  creating  false  Infcrnuitlon. 
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generic  types  tre  described  in  this  chapter;  some  Jammers  will  include 
features  of  two  or  niore  of  the  basic  types. 

12.1  Factors  Affacting  Masking  Jamming 

Factors  which  affect  fnaiklng  Jamming  include  the  bandwidth,  power,  and 
modulation  of  the  Jamming  transmitter,  the  antenna  characteristics  (Chapter 
29),  the  geometric  relation  between  the  receiver  being  Jammed  and  the 
Jamming  transmitter  (Chapter  13),  and  the  environmental  effects  on  propa¬ 
gation  (Chapter  31).  Bandwidth,  power,  and  modulation  are  discussed  in 
this  chapter. 

The  bandwidth  of  a  Jammer  and  its  radiated  power  are  both  Important 
factors  in  masking  jamming.  'Fhese  factors  are  related  such  that  a  design 
change  In  one  often  requires  a  change  in  the  other.  For  example,  t  require¬ 
ment  for  Increasing  the  already  wide  bandwidth  of  a  barrage  Jammer  (Sec¬ 
tion  12.4.1)  may  arise.  It  may  not  be  possible  to  maintain  the  average 
power  level  over  the  extended  frequeiKy  l»nd  if  the  components  (primarily 
the  output  tube)  and  design  of  the  Jammer  are  not  changed.  As  the  ranges 
of  radars  and  transmitters  are  increased  by  means  of  increased  power  or 
Increased  sophistication,  the  demand  for  higher  Jammer  outputs  also  in¬ 
creases.  This  demand  for  increased  Jammer  power  plus  the  desire  for  the 
capability  to  jam  selectively  has  resulted  Iti  spot,  swept,  and  swept-lock 
Jammers  (Sections  12.4.2,  17.4.3,  and  12.4.4).  In  these  masking  Jammers, 
the  noise  power  is  concentrated  In  a  narrow  frequency  band;  the  position 
of  this  narrow  band  within  a  large  frequency  band  can  be  adjusted.  Tubes 
which  can  furnish  the  necessary  high  power  output  within  a  narrow  band 
are  usually  more  readily  available  than  tubes  which  can  furnish  high  power 
output  over  a  wide  bandwidth. 

Another  important  factor  which  uffccts  masking  Jamming  is  the  type  of 
modulation  used.  The  type  of  modulation,  such  as  amplitude  or  frequency 
modulation,  and  the  modulafing  waveform,  such  as  a  sine  wave  or  a  saw¬ 
tooth  function,  determine  how  the  available  Jamming  energy  is  distributed 
in  the  frequency  spectrum.  It  Is  the  energy  in  the  sidebands  that  crdinaidy 
is  effective  in  producing  jammingc  Noise  wu  recognized  early  as  hiving 
characteristics  which  would  be  desirable  as  a  modulating  source.  Conslder- 
abie  effort  during  World  War  II  was  focused  on  the  analysis  of  noise  signals 
and  their  effects  on  receivers  (References  I  and  2).  Short  verbal  descrip¬ 
tions  of  some  noise-modulated  signals  are  given  below;  the  Jamming  effec- 
tivene/s  of  several  of  these  signals  U  discussed  in  Chapter  14.  (Antijam  or 
countercountermeasure  features  of  radar  receivers,  features  designed  to 
reduce  the  effectiveness  of  masking  Jamming,  rre  alto  discussed  In  Chapt'er 
14  and  In  References  3  and  4.)  One  type  of  signal,  the  direct  ampliAcatlon 
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of  noiM  (DINA)  doM  not  involve  any  modulation.  In  tUa  cue,  the  energy 
if  distributed  evenly  over  the  bandwidth;  the  amplltudea  follow  a  gausiian 
distribution.  DINA  is  often  used  because  of  Its  ^licability  as  a  Jamming 
signal  against  many  types  of  signals. 

The  spectrum  obtained  by  frequency  or  phase  modulation  by  random 
noise  alone  is  approximately  gausslan  when  the  ratio  of  the  upper  fre> 
quency  limit  of  the  noise  band  used  for  modulation  to  the  frequency  depar* 
ture  from  the  carrier  (for  a  nnoduiating  voltage  equal  to  the  rnu  of  the 
noise)  is  approximately  1  (Figure  l2-ta  and  Reference  5).  Such  an  energy 
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Ftiivnt  12-1.  NoIm  modulation  ipMctra  (Rtfartuce^  2  and  2), 

distribution  is  not  sufAciently  uniform  or  biond  enoui^h  to  be  used  with 
good  effect  in  barrage  Jammers.  If  the  ratio  is  increased  to  the  neighbor* 
hood  of  3.5  for  FM  or  2.5  for  PM,  the  energy  distribution  flattens  out  and 
becontes  more  uniform.  The  high  ratio  Indicates  that  the  modulating  band* 
width  U  wider  than  the  transmitted  bandwidth,  and  that  (t  might  be  more 
desirable  to  use  direct  noise  ampIiAcation. 

When  a  carrier  is  amplitude  modulated  by  noise,  the  amplitude  of  the 
distributed  energy  is  proportional  to  the  amplitude  of  the  mc^ulating  noiM 
and  the  spectrum  Is  twice  as  broad  at  that  of  the  modulating  noise.  The 
spectrum  of  the  carrier  can  be  rqsresented  by  C*3  (/  *  0)  where  C*  is  the 
mean  square  amplitude  of  the  carrier  component  and  B(/  —  0)  is  a  delta 
function  with  the  property  of  being  inAnlte  at  /  =  0  and  sero  elsewhere. 
There  are  two  reasons  for  not  using  amplitude  modulation:  Arst,  consider¬ 
able  energy  is  retained  In  the  carrier;  and  second,  a  **ceiling’’  is  placed  on 
the  energy  in  the  sidebands.  If  the  noise  is  not  allowed  to  be  clipped,  and 
randomness  is  to  be  maintained,  the  modulation  level  must  be  kept  very 
low.  In  this  case,  all  the  energy  is  in  the  carrier.  When  clipping  is  applied, 
more  energy  appears  in  the  sidebands.  Even  with  extreme  clipping,  half 
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the  energy  rcnutini  In  the  carrier  (Section  12.2).  When  the  elgna!  ia  clipped, 
the  energy  spectrum  U  no  longer  fiat  acrou  the  sidebands  (Fif^re  12-16). 

It  is  possible  to  combine  noise  modulation  with  modulation  by  a  non- 
random,  periodic  waveform  to  obtain  a  JamnUng  signal  which  can  b<9  used 
over  a  broad  portion  of  the  frequency  spectrum.  For  example,  frequency 
modulation  by  noise  can  be  combined  with  frequency  modulation  by  a  sine 
wave  Ftcquency  modulation  by  sine  wave  alone  produces  a  spectrum  of 
frequencies  located  at  frequencies  ±a/«  about  the  ‘^carrier,’’  /«.  (/•  Is  the 
frequency  of  the  modulating  sine  wave.)  While  It  may  be  broad  enough, 
the  spectrum  can  be  sufficiently  discrete  to  provide  unsatisfactory  barrage 
Jamming.  When  frequency  modulation  by  sine  wave  Is  combined  with  fre¬ 
quency  modulation  by  noise,  a  spectra!  distribution  of  noise  is  obtained 
around  each  of  the  sideband  frequencies,  n/»  {Figure  12-lc).  All  the  erwriy 
available  for  Jamming  Is  in  the  sidebands,  a  desirable  characteristic  since 
the  jamming  spectrum  is  broadened  and  no  frequency  *^holM’’  appear  in 
the  spectrum. 

Amplitude  modulation  by  noise  may  also  be  combined  with  frequency 
modulation  by  noise  to  obuin  a  spectrum  suitable  for  barrage  Jamming.  A 
broad  spectrum  is  obtained  In  this  case  but  one  which  is  not  as  uniform  as 
when  frequency  modulation  by  sine  wave  and  frequency  modulation  by 
noise  is  used.  Peaks  are  produced  by  the  various  carriers  or  sinusoidal  fre¬ 
quency-modulation  sidebands  (Figure  12-ld).  As  in  the  case  of  extremely 
clipped  amplitude  modulation  by  noise,  energy  in  the  sidebands  is  limited 
at  best  to  one-half  the  total  energy. 

Signal-like  noises  can  also  produce  confusion.  "Railing"  is  a  technique  in 
which  pulses  are  transmitted  asynchronously  at  the  pulse  repetition  fre¬ 
quency  of  a  radar.  A  similar  technique  involves  transmitting  pulses  at  ran¬ 
dom  so  that  the  display  of  a  search  radar  becomes  cluttered. 

12.2  Clipping; 

When  the  effectiveness  of  noise  signals  is  considered,  the  distribution  of 
amplitudes  is  often  assumed  to  be  gausaian.  In  practice,  the  distribution  is 
not  truly  gausslan  because  the  high  noise  peaks  are  sliced  off  either  inten¬ 
tionally  or  because  of  equipment  limitations.  It  has  been  shown  that  when 
using  DINA  nr  amplitude  modulation  by  noise,  controlled  clipping  can 
reduce  peak  power  requirements  and,  in  the  latter  case,  can  minimize  power 
wastage  in  the  carrier  (Reference  1,  pp.  85-88).  Controlled  clipping  permits 
a  mure  efficient  use  of  the  peak  power  capability  of  a  jammer  transmitter's 
output  tube.  How  effective  clipping  is  depends  upon  the  bandwidth  of  the 
receiver  against  which  a  Jammer  is  being  used.  If  the  receiver  bafidwldth 
is  about  the  same  as  the  noise  baiuiwidth,  clipping  can  place  a  ceiling  on 
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th«  de/iectbn  of  t  rKordIng  device.  !f  the  receiver  be.'vdwidth  is  narrow  com¬ 
pared  to  the  clipped  noise  bandwidth,  the  noise  signal  will  appear  to  be 
gaussian  to  the  receiver  and  will  have  the  same  cffectiveneu  as  gaussian 
noise. 

12t8  Look  Through 

Once  a  Jammer  has  been  turned  on,  some  provision  must  be  made  to 
monitor  the  frequency  of  the  radar  or  radio  Jammed  so  that  the  Jammer 
can  transmit  In  the  proper  frequency  band.  This  capability  for  monitoring 
the  radar  or  radio  signal  is  railed  ^Mook  through."  "Look  through"  presents 
a  problem  because  the  monitoring  receiver  must  cope  with  the  Jammer 
signal.  One  way  of  achieving  "look  through"  is  to  turn  off  the  Jammer 
periodically.  Tl^re  are  two  variables  which  can  be  changed:  the  duration 
of  the  Jammer  "off"  period  and  the  frequency  with  which  this  duration 
occurs.  How  theM  variables  are  changed  depends  to  a  large  extent  upon  the 
system  being  Jammed.  Thus,  many  looks  of  short  duration  might  be  used 
against  a  frequency-diversity  radar  while  a  single  look  might  suffice  against 
a  Axed  frequency  radar. 

Another  way  of  achieving  "look  through"  is  to  use  correlation  techniques. 
If  the  received  signal  can  be  correlated  with  a  portion  of  the  transmitted 
s!lgnat,  that  part  of  the  received  signal  which  is  due  to  leakage  from  the 
ji&mmer  transmitter  can  be  separated  from  the  radar  signal  and  rejected.  A 
coaxial  cable  or  a  waveguide  can  be  used  to  furnish  an  appropriate  portion 
of  the  noise  signal  from  the  Jammer  to  the  correlator.  If  pseudorandom  noise 
is  used,  it  would  be  possible  to  use  two  synchronised  linear-sequence  gener¬ 
ators,  one  as  a  modulating  source  for  the  Jammer  and  the  other  as  a  source 
for  the  correlator.  The  only  connection  required  between  the  Jammer  and 
the  correlator  would  be  a  line  used  to  synchronise  the  two  pseudonoise 
genetators;  the  connection  need  not  be  a  coaxial  cable  or  a  waveguide. 

12.4  Types  of  J«i»--^.ers 

Masking  Jammers  tn^y  be  placed  in  the  categories  of  barrage  Jammers, 
spot  Jammers,  swept  jammers,  and  sweep-lock  Jammers.  Some  Jammers 
fall  into  two  or  more  of  these  categories  by  having  alternative  modes  of 
operation.  Wideband  frequency  coverage  Is  obtained  by  many  Jammers  by 
using  multiple  transmitters,  each  covering  a  given  portion  of  the  spectrum. 
Only  the  Jammer  transmitter  is  discussed  in  this  section.  Receivers  used 
for  detecting  the  presence  and  character  of  signals  are  discussed  in  Chapters 
6  and  9. 

12.4.1  Barrage  Jammora 

Barrage  Jammers  are  wideband  noise  transmitters  designed  to  deny  use 
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of  frequencies^  over  wide  portions  of  the  electromagnetic  spectrum;  thsse 
Jammers  may  be  used  against  radar  and  communication  receivers.  The  use 
of  this  type  of  jammer  is  attractive  because  a  number  of  enemy  receivers 
can  be  Jammed  simultaneously  or  because  frequency-diversity  radars  (or 
other  types  of  frequency-diversity  systems)  can  be  Jammed  wit^ut  readjust¬ 
ing  the  Jamming  frequency.  The  type  of  output  tube  used  determines  the 
effective  Jamming  bandwidths  covered  by  barrage  Jammers.  Typically,  at 
X-band,  a  magnetron  nuiy  achieve  a  15  percent  bandwidth,  wUle  a  car- 
cinoiron  (a  iif-type  backward-wave  OKillator,  Chapter  27)  might  achieve 
a  30  percent  bandwidth.  Generally,  the  pf  rc'^nt  bandwidth  is  wider  at  lower 
frequencies;  a  klystron  at  5-band  may  a  4  , percent  bahdwidth  while 
another  klystron  at  L-band  may  have  an  8  percent  btaudwidth. 

The  block  diagram  of  a  typical  barrage  Jammer  io  .  >wr)  In  Figure  12-2. 

The  modulating  *nal  Is  impIlAed 


Fiovxk  13-2.  Typical  l«rragt  Jammer. 


noise.  The  type  of  a.  tL.jon  de¬ 
termines  whether  an  rf  amplifier  or 
an  rf  oscillator  Is  used  for  the  Anal 
stage.  If  frequency  modulation  by 


noise  is  desired,  the  last  stage  might  be  a  voltage-tunable  OKiiiator  such 


as  a  carcinotron.  If  the  output  desired  Is  noise  by  amplitude  modulation, 


the  last  stage  would  be  an  rf  amplifier. 

The  advantages  of  barrage  Jammers  are  their  simplicity  and  their  ability 
to  cover  a  wide  portion  of  the  electromagnetic  spectrum.  (The  barrage 
Jammer  was  used  widely  in  World  War  II  because  of  Its  design  simplicity.) 
Th4)  latter  advantage  can  turn  into  a  disadvantage  when  the  systems  against 


which  the  Jammer  is  working  utilise  high-powered  transmitters.  In  such 
cases,  the  Jammer  power  may  not  be  sufficiently  high  to  effectively  mask  in 
the  receiver  the  transmitted  signals.  The  trends  In  radars  to  high  power  and 


frequency  diversity  have  caused  designers  to  seek  means  of  extending  the 
power  aud  bandwidth  of  output  tubes  for  barrage  Jammers. 


12.4.2  Spot  Jatnmere 

Spot  Jammers  are  narrowband,  manually  tunable  transmiUers  which  are 
amplitude  or  frequency  modulated  by  random  noise  or  by  a  periodic  func¬ 
tion.  These  Jammers  are  used  to  mask  specific  transmitters  from  communica¬ 
tions  or  radar  receivers.  Spot  Jammers  can  deny  range  and  angle  inferma' 
tion  to  radars  and  can  degrade  the  Intelligibility  of  speech  or  of  other  ty|>e.s 
of  modulated  signals  in  communications  receivers. 

A  block  diagram  of  a  spot  Jammer  is  shown  In  Figure  12-3.  Many  spot 
jammers  use  amplitude  modulation  by  noise  in  which  at  least  half  the  rf 
energy  remains  In  the  carrier.  The  output  power  spectrum  of  a  spot  Jammer 
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Fiouu  U-3.  Typlal  spot  Jtmatr. 


can  bf  contifiuoui  over  a  band  up  to  5 
percent  of  the  carrier  frequency  because 
oscillators  such  u  magnetrons  are  fre¬ 
quency  modulated  by  the  frequency  push¬ 
ing  factor. 

Intercept  panoramic  receivers  must  be 
used  with  jammers  in  order  to 

*'set”  the  transmitter  frequency  on  the 
frequency  of  the  radar  or  communications 
sets  being  jammed.  A  “look  through" 
capability  is  desirable  so  that  the  jam¬ 


mer  frequency  may  be  kept  on  the  frequency  of  the  transmitter  being 
jammed.  How  accurately  a  spot  jammer  must  be  tuned  to  a  given  frequency 
depends  on  the  bandwidth  of  the  jammer  and  on  the  service  against  which 
the  jammer  is  belri#  used.  If  the  jammer  spe>^trum  Is  narrow  and  the  service 
being  jammed  is  keyed  cw,  the  jammer  must  be  tuned  to  within  a  few 
cycles  per  second.  If  the  jamming  spectrum  Is  broad  and  the  service  being 
Jammed  is  radar^  tuning  to  within  0.5  mes  may  be  sufficient. 

The  chief  advantage  of  spot  jammers  is  that  their  output  may  be  con¬ 
centrated  in  a  narrow  power  spKtrum.  Thua^  the  Jammers  have  the  capabil¬ 
ity  of  countermeasuring  a  radar  or  communication  receiver  at  longer 
distances  than  can  a  broadband  or  barrage-type  Jammer  of  the  same  ^ower 
output.  Or,  for  a  given  distance,  a  spot  jammer  can  be  smaller  and  lighter 
than  a  barrage  jammer.  Since  spot  jammers  can  concentrate  large  amounts 
of  power  in  a  narrow  spectrum,  these  jammers  have  the  capability  under 
certain  conditions  of  Inserting  enough  power  In  a  receiver  to  saturate  the 
i-f  •nripiifttr  and  to  reduce  the  gain  of  thU  ampliher  by  its  age  action,  The 
conditions  include  those  of  short  range  and  proper  orientation  of  antennas. 
Where  space  requirements  prohibit  tunable  receivers  as  an  andjim  feature 
(f.e.,  in  VT  fuses  and  In  some  missiles),  spot  Jammers  can  be  used  to  good 
advantage. 

Disadvantages,  as  well  as  advantages,  arise  out  of  the  narrow  frequency 
spectrum  of  spot  jammers.  An  operator  must  be  available  to  tune  the  jam¬ 
mer.  The  application  of  spot  jamming  requires  a  Jamming  transmitter  for 
each  radar  or  communication  transmission  channel  to  be  masked  or  de¬ 
graded.  The  complexity  of  spot  jammers  Is  Increased  when  they  must  be 
used  against  transmitters  capable  of  rapid  tuning.  Some  means  of  rapidly 
retunIng  the  jammer  to  the  proper  frequency  must  be  provided.  Tower  may 
be  wasted  by  concentrating  too  much  Jamming  power  in  a  single  channel. 


12.4.3  Swept  Jammers 

Swept  Jammers  are  transmitters  in  which  a  narrowband  jamming  signal 
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can  be  tuned  over  a  broad  frequency  band.  These  Jammers  have  been  de¬ 
veloped  to  combine  the  high  power  capabilities  of  spot  jammers  and  the 
broad  bandwidth  of  barrage  Jemmers.  Swept  Jammers  can  be  employed 
effectively  against  radar  and  communication  receivers.  The  jamming  signal 
is  generated  in  a  narrow  frequency  band,  and  this  band  is  then  swept  over 
a  broad  portion  of  the  frequency  spectrum.  Figure  12-4  is  a  block  diagram 

of  a  typical  tuned  swept-Jamming  transmit¬ 
ter*.  The  output  tube  is  modulated  by  noise 
or  by  a  periodic  function;  frequency  or 
amplitude  modulation  may  be  used. 

Two  factors  which  are  Important  in  swept 
Jamming  are  the  noise  power  per  megacycle 
and  the  sweep  rate.  The  sweep  rate,  the 
bandwidth  of  the  swept  Jammer,  the  band¬ 
width  of  the  receiver  being  Jammed,  the 
geometric  relation  between  the  Jammer  and 
the  receiver,  and  the  characteristic!  of  the 
Fiouse  u-4.  Btilc  block  dlssram  j^j^mcr  and  receiver  antennas  all  play  Im- 
of  swept  Jimmer.  portant  rolci  in  determining  the  dwell  time, 

the  period  during  which  the  Jamnter  noise  is  in  the  receiver  bandpass.  All 
these  factors  must  be  taken  Into  consideration  tn  order  to  maintain  a  baltnce 
between  the  dwell  time  and  the  periods  between  dwell  times;  otherwise, 
a  swept  Jammer  can  be  ineffective. 

Swept  Jammers  combine  the  advantage  of  concertrating  noise  power  in 
a  narrow  band  and  of  effectively  covering  a  Inrge  bandwidth.  Such  Jammers 
can  be  used  more  effectively  than  spot  Jammers  against  radar  nets  in  which 
the  various  radars  are  tuned  t<>  different  frequencies.  Several  swept  Jam¬ 
mers,  sweeping  rapidly  at  d  ff(‘  v  rates,  can  with  high  probability,  obscure 
most  signals  in  a  given  frequt  nr  j«nd. 

Because  of  the  large  numuur  of  factors  affecting  the  effectiveness  of  a 
swept  Jammer,  there  must  be  comprehensive  knowledge  of  the  systems 
against  which  the  Jammer  Is  to  be  used.  The  swept  Jammer  will  also  be 
more  complete  than  either  the  spot  or  barrage  Jammers. 

12.4.4  Sweep  Lock-On  Jammers 

A  sweep  lock-on  Jammer  Is  a  transmitter  in  which  a  narrowband  Jamming 
signal  can  be  tuned  over  a  broad  frequency  hand  and  the  signal  locked  on 
a  particular  frequency.  This  type  of  Jammer  is  essentially  a  swept  Jammer 
with  the  additional  feature  of  lock-on  capability.  A  block  diagram  of  a  typi¬ 
cal  sweep  lock-on  jammer  it  shown  in  Figure  12-5.  A  receiver  and  the  jam¬ 
mer  transmitter  are  swept  over  the  same  frequency  band.  When  the  receiver 
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encount#ri  a  ilgnali  the  frequency 
•weep  if  baited,  and  the  Jammer 
tranimitter  acU  as  a  spot  jammer 
at  that  frequency.  By  providing 
the  jammer  with  a  look-through 
capa^iUity,  the  receiver  can  be 
made  to  start  sweepiivg  again  when 
the  original  signal  being  Jammed 
disappears.  It  Is  well  to  point  out 
here  that  many  Jammers  are  con¬ 
structed  to  operate  in  several 
modes,  i,€,,  they  arc  capable  of 
operating  in  spot,  swept,  or  streep- 
lock  modes  (References  6,  T,  8). 
Sweep  lock-on  Jammers  can  also  be  programmed  In  various  ways.  One  way 
Is  to  sweep  the  Jammer  signal  and  the  receiver  over  a  speclAed  band.  An¬ 
other  way  Is  to  sweep  the  receiver  over  a  specifted  band  until  a  signal  is 
received  and  then  to  turn  on  the  Jammer  transmitter  at  the  receiveii  fre¬ 
quency. 

The  sweep  lock-on  Jammer,  like  the  spot  Jamnter,  can  concentrate  much 
nolM  power  in  a  narrow  band.  In  addition,  It  can  lock  on  to  a  second  signal 
mi«ch  more  quickly  than  can  a  spot  Jammer. 

The  sweep  lock-on  Jammer  suffers  from  the  same  limitations  as  the  spot 
Jammer.  Only  a  narrow  frequency  band  can  be  Jammed  at  any  time  and 
more  noise  energ>'  than  is  required  nuy  be  concentrated  In  that  band  If  the 
Jammer  is  being  used  agsinst  a  receiver  other  than  the  ones  for  which  the 
Jammer  had  b^n  specifically  intended.  The  automatic  tuning  feature  of 
lock-on  Jammers  ran  cause  two  or  more  such  jammers  to  lock  on  each 
other’s  transmiicions.  Care  must  be  exercised  in  assigning  frequency  chan¬ 
nels  to  each  of  the  Jammers,  or  circuitry  must  be  devised  to  detect  only 
those  signals  to  be  Jammed. 


Fmust  S3-I.  !3stic  block  dissrsin  of 
swtep  lock*on  Jtmmcr. 
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Geometry  of  the  Jamming  Problem 


Y.  MORiTA,  D.  B.  HARRIS 


Tb«  notations  employtd  In  tb«  aquations  doKrlblr.g  the  rolationihlpa  appllcabhi  to 
various  kinds  of  systems  arc  not  fully  consistent.  Since  the  various  sets  of  notations 
have  evolved  as  a  result  of  work  done  on  particular  systems,  and  since  each  set  of  nota¬ 
tions  appears  particularly  sulUble  for  Its  own  system,  ;he  terminology  Is  retained  In  this 
chapter  In  Ks  rveognUid  form  even  though  some  Inconsistencies  ealst  between  various 
systems.  For  example,  In  the  radar  Jamming  problem,  the  symbol  Pt  Is  used  to  represent 
the  power  of  the  Jamming  transmitter  and  the  symbol  5/  represents  the  powtr  density  of 
the  jamming  signal  at  a  point  In  space  nrieasurcd  In  watts  per  square  meter.  In  the  com¬ 
munication  Jamming  case,  5i  represents  the  transmitter  carrier  power  of  the  signal,  and 
A  the  transmitter  Jarmner  power. 

18.1  Inlroductlon 

This  chnpter  li  primarily  concerned  with  the  ioattloni  of  jammera  and 
receivers  and  the  effect  of  these  locations  on  Jamming  parameters,  Including 
required  Jamming  power  levels.  The  relntionship  betwi*en  Jamtner  and  signal 
powers  for  si^lfic  geometries  can  readily  be  derived  for  free  space  or  for 
smooth  earth.  In  many  cases,  the  conditions  of  free  space  or  smooth  earth 
are  not  met  and  factors  involved  in  the  propagation  of  radio  waves  play  a 
large  part  in  setting  limitations  on  usable  geometric  configurations  between 
Jammers  and  receivers. 

The  limitations  are  also  affected  by  the  particular  use  of  the  receiver  being 
Jammed,  whether  the  receiver  Is  being  used  in  radars,  in  communientiens,  in 
fuzes,  or  in  navigation  devices.  Four  cases,  typical  of  the  types  of  geometry 
problcm.s  which  are  encountered,  are  considered  in  this  chapter.  These  cases 
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are  airborne  radar  Jamming)  aearch  radar  Jamming,  communications  Jamming, 
and  fuse  jamming.  In  addition,  factors,  such  as  the  radar  cross  section,  \hrs\ 
ii  Urectly  affect  the  geometry  problem  are  discussed.  How  propagation  enters 
Into  the  geometry  problem  is  indicated,  but  the  nature  of  the  propagation  of 
radio  waves  Is  not  discussed  since  this  is  treated  In  Chapter  31. 

The  factors  that  determine  Jamming  power  at  the  receiver  are  described 
In  the  geometry  of  the  Jamming  problem.  Equations  are  readily  derived  In 
particular  geometries  and  particular  Jamming  situations  for  the  transmitter 
Jamming  |>ower  required  to  produce  a  required  Jamming  power  at  the  re¬ 
ceiver.  The  parameters  entering  into  the  equations  are  not  so  readily  dehned 
and  must  be  carefully  considered  in  each  Individual  problem.  As  would  be 
expected,  the  threshold  of  intelligibility  or  identification  must  be  defined 
differently  for  each  system  and  for  each  type  of  Jamming  signal. 

It  in  useful  to  define  as  a  standard  Jamming  signal  a  random  fluctuation 
noise  which  has  a  gausslan  amplitude  distribution  and  a  rectangular  power 
spectrum  equal  In  width  to  the  acceptance  band  of  the  iccelver  (page  5  of 
Referemie  1).  This  assumption  allows  the  utilisation  of  the  results  of  theo.et- 
!cal  investigutlons  on  tljr  slgnal'to^noisc  ratios  in  receivers  to  obtain  a  noisc- 
to-signal  ratio,  or  7/3,  or  equivalent  parameter  such  as  C,  used  in  the  radar 
Jamming  problem,  Section  13.2),  at  the  receiving  station.  7/5,  which  will 
be  called  the  Jamming  threshold  for  the  receiver,  defines  the  ratio  of  Jam¬ 
ming  noise  power  to  signal  carrier  power  at  which  the  standard  Jamming 
signal  becomes  effective  against  the  target  signal.  Deviations  In  7/5  from 
the  standard  value  for  other  Jamming  signals  are  accounted  for  in  some  cases 
by  the  efficiency  factor,  .1/,,  'rhia  factor  compares  the  Jamming  signal  power 
required  to  produce  the  Jamming  threshold  |K)wer  level  in  the  receiver  to  the 
IK)wer  required  of  a  signal  consisting  of  white  noise  of  exactly  the  receiver 
bandwidth. 

13.2  The  Fundamental  Self-Hcreening  Airborne  Radar  Jamming 
Equation 

In  developing  the  equation  for  the  power  required  to  Jam  a  radar  with  n 
noise  modulated  signal  at  a  distance  R  from  the  radar,  we  first  consider  the 
power  density  develoi)cd  by  the  nidnr  system  at  a  point  in  space  (Keferer.co 
2).  It  is  assumed  herein  that  the  Jammer  is  located  at  the  target  and  that 
the  distance  factor  which  affects  the  attenuation  of  the  Jammer  Migrini  Is 
therefore  the  same  as  the  distance  factor  which  affects  the  attenuation  of 
the  radar  signal.  Un<ier  these  conditions.  It  Ls  not  necessary  to  consider  the 
attenuation  from  the  target  to  the  rndat  set,  and  tite  calculations  can  be 
based  u{K}n  the  conditions  existing  In  free  space  in  the  vicinity  of  the  target. 
The  basic  procedure  is  to  select  a  i>oini  P  in  space  lying,  In  relation  to  the 
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target  I  in  the  direction  of  the  radar  set.  At  this  point,  the  Jamming  power 
density  must  be  large  enough,  in  comparison  with  the  power  density  of  the 
echo  reflected  from  the  target  so  that  when  both  signals  reach  the  radar  set, 
the  Jamming  signal  will  override  and  obKure  the  echo. 

Consider  such  a  point  P  In  space  at  a  distance  p  from  the  target.  The  re¬ 
quirement  for  succeMful  Jamming  is  that,  at  P,  the  Jamming  signal  shall  be 
related  to  the  echo  signal  by  a  factor  C,  In  accordance  with 


Si  =  CSr  (13-1) 

where  5/  is  the  power  density  of  the  Jamming  signal  at  P,  C  is  the  ratio  of 
Jamming  to  signal  power  required  to  produce  successful  Jamming  (known  as 
the  ^^oamouflage"  factor)  and  Sr  is  the  useful  power  density  of  the  echo  slg> 
nal  at  point  P.  5/  and  Sr  are  expressed  in  watts  per  square  meter. 
Considering  ftrst  the  quantity  5/,  it  Is  seen  that  this  quantity  is  given  by 

SiZzBPfii/4wp^  (13-2) 

where  B  Is  the  bandwidth  of  the  radar  rkeiver  in  megacycles  per  second,  P/ 
k  the  minimum  power  output  of  the  Jammer,  In  watts  per  megacycle,  re¬ 
quired  jfor  successful  Jamming,  and  Cj  .s  the  gain  of  the  Jamming  transmitter 
antenna  in  the  direction  of  the  radar  receiver.  Since  the  total  power  radiated 
from  the  Jammer  is  BPi,  the  Jamming  power  density  at  the  surface  of  a 
sphere  of  radivis  p  centered  on  the  target  would  be  BPi/4wp^  if  the  Jamming 
antenna  radiated  isotropically.  The  actual  Jamming  power  density  at  the 
surface  of  the  sphere  in  the  direction  of  the  radar  set  will  then  evidently  be 
BPi/4wp*  multiplied  by  as  shown  In  Kq  (13-2).  Similarly,  the  echo  power 
density  at  P  In  the  direction  of  the  radar  receiver  is  found  to  be 

Sr  =  P#G#/4fr^*  (13-3) 

where  Pr  Is  the  total  reflected  echo  |K)wer  radiated  from  the  target  and  G,  In 
the  *'gain’'  of  the  target  reflecting  pattern  in  the  direction  of  the  radar  set. 
In  turn,  it  Is  evident  that  the  reflected  power  is  given  by 


Pr^SiA.  (13-4) 

where  S,  is  the  Incident  power  density  of  the  radnr  signal  before  it  strikes  the 
target  and  Ar  Is  the  effective  Intercepting  area  of  the  target  in  square  meters. 
Substituting  Eq  (13-4)  in  (13-3)  we  have 
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IM 


(13-5) 

and  if  we  let 

Afi,  =  o 

(13-6) 

£q  (13-5)  becomes 

Sr  =  5|ff/4w(i* 

(13-7) 

Now  lubitltuting  Eq  (13'7)  and  (13-2)  in  (13-1)  wt  havt,  aa  tba  require¬ 
ment  (or  lucceaaful  Jamming, 

BP/Gf  cs  CSttf 

(13-8) 

Since  the  incident  ratlar  power  density  Is 

(13*9) 

where  Pr  l«  the  peek  pulie  of  the  rader  letf  Gr  U  the  gain  of  the  radar  antenna 
In  the  direction  of  the  targetj  f  is  a  factor  taking  Into  account  the  effect  of 
ground  echoea^  and  R  is  the  distance  between  the  radar  set  and  the  target, 
Eq  (13«8)  therefore  becomes 

=  (13-10) 

which,  when  R  U  converted  to  miles,  can  be  expressed  in  the  form 

This  equation  is  suitable  for  determining  the  Jamming  power  required  as  a 
function  of  range.  £()uation  (13-10)  can  also  be  written  as 


R^  L=  0.176  X  iO  C  (13-12) 
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a  form  which  U  lulUblc  for  deUrmininf  the  minimum  Jamming  range,  Rm* 

Am  a  matter  of  rcferencei  the  notation  of  Eq^  (13»6)  and  (13-7)  are  now 
defined  In  the  following  manner: 

P;  Minimum  Jamming  nolM  power  per  megacycle  bandwidth  required 
to  product  effective  jamming  at  a  range  R. 

B  bandwidth  of  the  radar  receiver  in  megacyclee. 

Pr  effective  peak  power  of  radar  transmitter  (actual  generated  power 
minus  tranamiasion  line  and  other  loesee). 

Gr  power  gain  uf  radar  transmitter  entenna  relative  to  an  isotropic 
radiator,  free  space  condition,  in  the  direction  of  the  target. 

g  ground  reflection  factor.  (To  be  dlKUSsed  in  more  detail  in  Section 
13.4). 

R  distance  in  miles. 

Pc  minimum  Jamming  range  in  milee. 

9  cross  section  of  target  In  square  meters.  (To  be  discussed  in  Sec¬ 
tion  13.7). 

C  camouflage  factor,  the  ratio  of  inu  noise  to  peak  pulse  power  of  radar 
for  Jamming  to  be  effective.  (Discussed  further  in  Section  13.S). 

G/  power  gain  of  Jamming  antenna  relative  to  an  isotropic  tadiaior,  In 
the  direction  of  the  radar. 


IS.S  Maximum  Deleellm  Ruiife 

The  effect  of  geometry  on  the  detection  range  of  radars  in  the  presence  of 
Jamming  can  also  be  determined  in  terms  of  deterioration  In  a  radar's  maxi¬ 
mum  detection  range  and  the  ndnimum  detectable  signal.  This  determina¬ 
tion  is  important  when  considering  the  capabilities  of  radars  used  in  search. 

If  a  receiver  Is  located  at  the  radar  transmitter  sirs,  u  in  the  case  of  a 
search  radar,  ^  =  P,  and  £q  (13*7)  becomes 

Sr  =  St<T/4irP>  (13^13) 


The  echo  power  density  Sr  may  be  found  in  terms  of  the  incident  po«*'^r  den¬ 
sity  St  at  the  target  by  substituting  Eq  (13-9)  h£q  (13-7). 


c  „  /’rGrl^cr 


(13-14) 


The  received  power  depends  upon  the  antenna  aperture  which  in  turn  is 
related  to  antenna  gain  by 


Ar  =  CrXV4ir 


(13-15) 
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where  K  It  the  wevelength.  The  received  power  Pn*  it  the  product  of  the 
entenne  aperture  <4  r  by  the  echo  power  denaity  S„  or 

=  A4r  =  P/Jr*g*K»o/{4w)*R*  (13-16) 

Thii  equation  may  aolved  for  range  and  for  minimum  received  power  or 
PtK<  equal  to  Pmin.  the  maximum  detection  range,  /(»,•«  i* 

^  PrC,»f*A*cr/(4ir)»/»  MlR  (13-17) 

It  if  the  minimum  reccivrki  power  Pmie  which  is  affected  advertely  by  jair^ 
ming.  Under  Jamming  conditlonf,  this  power  must  be  increased  to  detect  the 
echo  so  that  maximum  detection  range  decreases. 

Without  Jamming,  there  is  a  signal-to-nolse  ratio,  Pm\h/^i  =  A  which  must 
be  equaled  or  exceeded  if  a  target  is  to  be  detected.  The  equivalent  input 
noise,  has  a  gausilan  amplitude  distribution.  If  the  Jamming  signal  is 
gaussian,  it  nuiy  be  added  directly  to  the  equivalent  input  noise  to  arrive  at 
a  new  noise  figure.  If  the  Jamming  signal  is  not  gaussian,  it  must  be  multi¬ 
plied  by  an  efficiency  factor  In  order  to  Justify  its  addition  to  the  equivalent 
input  noise.  If  the  Jamming  signal  multiplied  by  the  efficiency  factor  is 
designated  by  then  a  new  minimum  detKtable  signal  ratio  would  be 
given  by 


^i  +  P] 


k 


(13-18) 


llte. relationship  between  the  maximum  detectable  range  and  tlie  received 
power  under  a  non-JammIng  and  a  Jamming  environment  can  be  determined 
from  Eq  (13-16)  and  (13-18)  (page  27  of  Reference  2).  This  relationship  is 


(13-19) 


Finaliy,  the  maximum  detectable  range  in  a  Jamming  environment  is 

given  In  terms  of  the  maximum  detectable  range  in  a  non-jamming  environ¬ 
ment  by 


I 

\  Miu 


=  R 


mil 


(13-20) 
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18.4  Ground  ReflocUoit  Factor,  g 

The  ground  reflection  factor,  g,  wu  introduced  into  the  fundamental  radar 
Jamming  equations  In  order  to  take  into  account  effects  resulting  from  the 
interference  between  the  wave  propagated  directly  to  the  target  and  the  wave 
reflected  from  the  ground.  It  is  evident  that  interference  between  these  two 
waves  may  Increase  the  field  at  the  target  by  a  factor  of  2  or  reduce  it  to  0 
(theoretically),  depending  on  whether  reinforcement  or  cancellation  takes 
place.  If  the  beam  of  the  radar  Is  aimed  above  the  horison  and  no  ground 
reflection  exists,  then  g  =  1.  If  ground  reflection  does  exist,  g  may  theoreti¬ 
cally  be  as  high  as  2.  Since  much  Information  Is  now  available  on  this  sub¬ 
ject  in  the  literature  on  propagation,  the  actual  vaules  of  g  to  be  applied  will 
not  be  discussed  further  herein,  except  on  a  qualitative  basis. 

18»S  The  Casnoufloge  Factor,  C 

The  camouflage  factor,  as  applied  to  pulse  radars,  is  the  ratio  of  rms  noise 
power  to  peak  signal  power  required  to  provide  effective  Jamming  (where  the 
rms  noise  power  takes  into  account  the  bandwidth  of  the  receiver). 

To  determine  the  value  of  C  to  be  applied  in  specific  cases,  Kieff  (formerly 
with  the  Naval  Research  Laboratory),  made  studies  to  determine  the  mini¬ 
mum  radar  ilgDal  intensity  which  could  be  observed  in  the  presence  of  noise 
using  Type  A  presentation  (Reference  3).  These  studies  resulted  in  deter¬ 
mining  that  the  camouflage  factor  can  be  represented  by  the  empirical  ex¬ 
pression, 


4  /  F 

!  -f  (l/r^lV'F )  03-21) 


where 

r  =  pulse  lengths  in  microseconds, 

B  :=  bandwidth  of  receiver  in  megacycles, 

F  ^  pulse  repetition  rate  in  cycles  per  second,  and 

/if  ==  an  experimentally  determined  factor,  discussed  below. 

Equation  (i3-21)  shows,  as  might  be  expected,  that,  for  a  given  value  of 
C  becomes  smaller  as  t  becomes  shorter.  As  the  pulse  lengths  become 
shorter,  the  pulse  amplitude  in  the  radar  receiver  becomes  smaller  due  to 
distortions  caused  by  the  passband  being  too  narrow,  thus  making  it  easier 
to  override  the  pulse  with  a  Jamming  signal.  Conversely,  as  B  becomes  larger, 
C  also  becomes  larger.  From  this  litter  result,  it  might  be  expected  that  it 
would  be  desirable,  from  an  antl-Jammlng  (A-J)  standpoint,  to  make  radar 
bandwidths  as  wide  as  possible,  to  reduce  pulse  distortion  and  make  C  as 
large  as  possible.  However,  reference  to  £q  (13-10)  shows  that  the  minimum 
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jamming  power  required  is  tlso  a  function  of  B,  and  ii,  in  fact,  inversely 
proportional  to  B.  Thus,  although  an  Increase  in  B  increases  the  pulse  ampli¬ 
tude  in  the  radar  receiver,  it  alio  increases  the  noise  power  accepted,  and  an 
indefinite  increase  In  radar  bandwidth  is  not  desirable  from  an  A*J  stand¬ 
point.  It  can  be  shown,  it:  fact,  by  relating  Eq.  (13-10)  and  Eq.  (13-21), 
that  an  optimum  A-J  design  results  when  rR  =  1.  The  Wurxburg  radars  used 
by  the  Germans  during  the  war  actually  achieved  this  optimum,  while  the 
U.  S.  sets.  In  general,  had  values  of  rB  ranging  from  2  to  26. 

The  final  factor  (F/K)'/*,  in  Eq  (13-21)  represents  a  second  order  effect 
sines  variations  in  the  pulse  repetition  rate  cause  ch''iig  s  amounting  only  to 
ppproxlmately  one  decibel  per  octave.  Both  Haeff  aiiu  Lawsr,n  studied  the 
value  of  K,  determining  approximate  values  of  flT  =:  1640  and  /T  s  400  re¬ 
spectively.  Figure  1  '  hbows 
the  camouflage  factor  ’  a 
function  of  rB,  in  accordatu.. 
withEq  (13-21). 

Equation  (13-2!)  does  not 
take  into  account  the  possible 
existence  of  saturation  in  the 
receiving  system.  There  Is  ex¬ 
perimental  evidence  tl»t,  if 
the  Jamming  signal  is  suffi¬ 
ciently  strong  to  produce  satu¬ 
ration,  the  effectivenMS  of  the 
Jamming  Is  Increased.  This 
conclusion  Is  based  on  actual 
■*  tests  of  Jamming  signals  j  these 

Kiduss  li-i  Csmouflsse  (setor  vi,  putw  limth  tests  showed  that  the  pip  could 
r  .nd  r.c.lv.r  sccept.nc.  bsndwldth  B  ^ 

g«in  of  the  receiver  wu  reduced,  provided  Mturjitlon  exUted  initially .Thui, 
an  important  A-J  meaiiure  U  the  incorporation  of  automatic  gain  control 
device  functioning  on  noise.  The  question  of  the  degree  to  which  such  expe¬ 
dients  should  be  employed  has  been  studied  extensively.  Data  concerning  the 
resuiu  are  available  in  Chapter  14  references. 

Ic^s6  Gain  of  Jamming  Anteniiai  Gf 

The  factor  Gy  is  one  which  has  been  very  extensively  explored  in  connec¬ 
tion  with  the  design  of  jamming  antennas.  It  may  be  assumed  that  the  gains 
realizable  under  practical  conditions  will  range  from  1.64  {the  gain  of  a  half¬ 
wave  antenna  in  free  space)  to  hundreds  or  thousands  depending  upon  the 
frequency  and  the  use  to  which  the  Jammer  antenna  Is  put. 
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18t7  Thd  l*«r0oi  CroM  S^etlon,  a 

The  subject  of  Uiget  echoing  areas,  or  cross  sections,  in  itself  has  engaged 
the  attention  of  a  significantly  large  proportion  of  the  personnel  working  on 
radar  countermeasures.  The  echoing  areas  which  could  be  expected  in  the 
case  of  certain  types  of  aircraft  were  estimated  In  initial  studies  on  this 
subject.  Theee  estimates  were  that  a  medium  bcT.ber  had  an  echoing  area  of 
so  square  meters;  a  small  fighter  plane,  an  echoing  area  of  5  square  meters; 
and  a  large  bomber,  an  echoing  area  of  74  square  meters.  Since  It  wu  realised 
that  these  figures  were,  at  best,  guesses,  contracts  were  placed  with  Ohio 
State  University  for  studying  this  problem,  and,  in  the  World  War  11  pro¬ 
gram,  quite  a  large  number  of  measurements  of  echoing  areas  became  avail¬ 
able  as  a  result  of  the  Ohio  activity.  As  wu  expected,  the  crou  section  of  any 
given  aircraft  wu  found  to  vary  by  several  orders  of  magnitude  u  a  function 
of  upect.  Thus,  although  the  original  estimates  of  cn>gs  sections  were  found 
to  be  accurate  for  certain  upects  of  the  aircraft,  it  wu  realised  that  it  would 
be  impossible  to  express  the  echoing  area  of  any  given  aircraft  in  terms  of  a 
single  figure.  As  a  result,  the  observed  cross  sections  have  generally  been 
published  in  the  form  of  reflecting  patterns  giving  the  cross  sections  at 
various  values  of  ailmuth  and  elevation. 

The  selection  of  a  value  of  the  cross  section  to  be  used  in  a  specific  case 
requires  taking  Into  account  the  rapid  variatlorf  of  cross  section  with  aspect, 
the  extreme  depth  of  the  minima,  and  the  extreme  height  of  the  maxima.  The 
rapidity  of  the  oscillations  In  tr  for  a  given  target  depends  on  the  wavelength, 
and  on  the  separation  between  nulls  Mn  upect  angle)  decreasing  u  the  wave¬ 
length  decreases.  Probability  considerations  enter  Into  the  problem  at  this 
point.  It  is  obviously  not  duirable  to  design  a  jamming  transmltier  on  the 
usumptlon  thai  the  jtmmer  should  be  able  to  override  the  radar  echo  under 
conditions  when  the  radar  set  lies  on  a  maximum  of  the  strongest  lobe  of  the 
refiectliig  pattern.  In  general,  this  main  lobe  of  the  reflecting  pattern  lies  at 
right  angles  to  the  longitudinal  axis  of  the  aircraft,  and  in  some  cases  may 
be  only  3  or  4  degrees  wide,  the  actual  width  depending  on  the  wavelength 
Involved  for  the  particular  taiget.  It  seems  obvious  that  it  would  not  be 
economical  from  an  engineering  standpoint  to  design  jammers  to  function 
;;gainst  thU  lobe  of  the  reflecting  pattern,  since  the  probability  of  the  lobe 
being  directed  at  the  radar  set  might  be  as  small  as  1  or  2  in  100.  On  the 
other  hand,  it  is  not  safe  to  design  Jammers  to  function  against  one  of  the 
pattern  minima,  because  these  pattern  minima  are  even  narrower  than  the 
maxima  and  because  the  variation  In  cross  section  between  minima  and 
maxima  may  i)c  as  large  u  20  or  30  to  1 . 

Another  pruhlcrn  entering  into  the  calculations  is  the  question  of  the  effec¬ 
tive  cross  section  of  a  group  of  targets  flying  in  formation.  Initial  studies 
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made  by  Van  VIeck  (Reference  2)  and  Norton  (Reference  4),  developed 
probability  factors  expreulng  the  percent  of  time  during  tvhich  the  effective 
cross  section  of  the  Sight  might  be  expected  to  exceed  a  value  determined  by 
the  cross  section  of  the  individual  airplane  end  the  number  of  aircraft  In  the 
flight.  These  results  were  based  on  the  concept  that  the  resultant  signal  from 
a  flight  of  airplanes  may  be  considered  to  be  the  resultant  of  the  Individual 
signals  added  with  proper  attention  to  the  relative  phases  (which  are  ran¬ 
dom),  making  the  assumption  that  aircraft  {M  in  number),  are  spaced 

within  half  the  distance  occuplev  pulse  in  space.  Since  the  phases  are 

random,  the  extremes  are  repreienteo  nrst  by  the  case  when  all  echoes  cancel 
and  the  effective  cross  section  of  the  flight  Is  0,  and  second  by  the  case 
when  all  echoes  add  and  the  effective  cross  section  of  the  flight  is  M  times  In 
voltage  or  in  power  that  of  a  single  aircraft.  In  other  words,  while  the 
average  effective  area  of  the  formation  may  be  expected  to  be  A/<ri  where 
a  is  the  area  of  a  single  aircraft,  It  is  possible  for  the  area  of  the  formation 
to  vary  from  0  to  M^tr.  It  was  pointed  out  that  the  probability  of  any  given 
formation  cross  Kction  (%)  being  exceeded  Is  given  by 


P  =  100  exp 


(15-22) 


FiiuiRS  13-2  Kcho  on  10  cm  from  t  B*26  bomber  si 
function  of 
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where  M  ii  the  number  of  nlrcreft  in  the  flight  and  9  if  the  echoing  area  of 
the  individual  aircraft.  An  examination  of  thii  equation  ihowf  that  £  will 
exceed  2  Mv  for  13.S  percent  of  the  time,  and  4  Mu  for  1.83  percent  of  the 
time.  Conflderable  design  work  has  been  carried  out  on  the  basis  that  4Af<7 
is  a  reasonable  value  of  2  ^or  calculations,  and  that  wh^n  this  value  for 
is  used  protection  Is  obtained  98  percent  of  the  time. 

When  viewing  aircraft  flying  in  formation  there  will  be  a  distribution  in 
a^)fct  around  some  average  aspect  (Reference  5).  The  angle  t  is 

measured  from  the  senith  and  the  angle  4  from  tlie  nose  of  the  aircraft,  lliis 
distribution  of  aspect  can  be  expected  to  be  essentially  gaussiani  but  restricted 
for  the  must  part  to  some  interval,  for  example,  from  to  (80+ 5’') 

and  to  (4o-f  S'’).  Then  at  any  given  instant  of  time,  signals  will  be 

received  from  the  aircraft  which  will  vary  from  the  relative  minimum  values 
to  the  relative  maximum  values  associate  with  the  scattering  pattern  for  a 
single  target  In  the  vicinity  of  (#0f  ^0)*  If  the  number  of  aircraft  in  the  forma¬ 
tion  is  reasonably  large,  one  would  expect  to  receive  an  average  signal  per 
aIrcraft-in-formation  that  could  be  dencribcd  by  a  smooihod-out  (i.e.,  aver¬ 
aged)  pattern  for  the  Individual  aircraft.  This  means  that  Interest  becomes 
centered  on  radar  cross  section  patterns  which  represent  median  values  over 
3  degree  or  10  degree  intervals.  Much  of  the  experimental  data  obtained  on 
aircraft  Is  presented  in  this  form. 

The  nature  of  the  radar  reflection  patterns  to  be  expected  for  aircraft  is 
illustrated  in  Figures  13-2  through  13-7.  In  Figure  13-2,  the  extreme  oscil¬ 
latory  nature  of  the  radar  crou  section  pattern  as  a  function  of  aspect  Is  seen 
This  Agure  is  taken  from  Kerr,  (Page  542  of  Reference  6).  Figures  13-3  and 
13-4  illustrate  the  manner  in  which  the  ^^average"  radar  cross  section  pattern 
varies  with  frequency.  In  both  Agures,  cross  sections  are  shown  at  horixontal 
polarisation  for  aspects  cnnAned  to  the  horixontal  plane  (8  =r:  90*).  Th;»se 
two  Agures  are  taken  from  Reference  7;  the  Arst  involves  the  F-86  and  the 
second  the  B-47.  In  Figure  13-5,  polarization  effects  are  illustrated.  The  case 
in  question  is  the  radar  cross  section  of  the  B-47  aircraft  at  a  wave  length  of 
4,11  meters;  these  experiments  were  conducted  by  Ohio  State  University  and 
ihelr  experimental  work  on  the  H-47  plus  other  experimental  and  theoretical 
work  on  the  B-47  is  reported  in  Reference  8.  The  manner  in  which  the  cross 
section  change.*!  with  a  variation  in  the  elevation  angle  can  be  Illustrated  In 
terms  of  the  experimental  work  of  Radiation,  Inc.  on  the  B-57  (Reference 
9).  The  coordinate  system  employed  by  Radiation  Inc.  differs  from  the 
(8,  ^)  syitem  described  above  and  thus  their  coordinate  system  Is  displayed 
in  Figure  13-6.  Experimental  results  for  elevation  angles  ranging  from  40 
degrees  above  the  horizontal  to  40  degrees  below  the  horizontal  are  displayed 
in  Figures  13-7a  through  13-7e.  These  experimental  data  are  expressed  In 
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Ficvu  n-3  CroH  atctJon  of  tht  F-16  alrcrift  (exptrlminUl).  Horlion  poltriMUoit 


terms  of  median  and  maximum  values  over  10  dejftee  intervals.  It  will  readily 
be  observed  from  these  figures  that  there  are  no  appreciable  changes  in  the 
patterns  for  this  variation  In  the  elevation  angle. 

Reference  7  contains,  in  tabulated  form,  a  considerable  amount  of  radar 
cross  section  data  with  primary  emphasis  on  the  noi'e-on,  broadaidc,  and  tail- 
on  aspects.  Table  13-1  is  illustrative  of  this  material.  This  umple  of  tabulated 
data  includes  some  of  the  available  information  on  the  B-47,  the  Canberra, 
and  the  F-86.  (The  Canberra  and  the  B-57  are  essentially  the  same  aircraft.) 


TABLE  i3-!.  RADAB  CR088-8ECTI0N  DATA 
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1S.8  CommunlcAtlont  Jamming 

The  following  terms  are  deAned  for  the  case  of  ground-to-ground  com¬ 
munications  Jamming: 

Si  =  transmitted  carrier  power  signal^ 

S  =  received  carder  power  of  signal^ 

J\  =  transmitted  Jammer  power, 

J,j  received  Jammer  power,  and 
J  =:  received  power  of  standard  Jamming  signal. 

All  these  quantities  are  measured  at  the  antennal  (Reference  1). 

For  the  geometry  In  Figure  13-8,  the  following  two  equations  may  be 
written: 
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(13-23) 


Fiovu  lJ-9  0«om«- 
try  for  communlcfttloni 
jftmminji 


/,  =  /,  J  J  “  G,Gr,  (13-24) 


Gt  :=  Ktin  of  trftiumlttlng  antenna, 

Gf  *=:  gain  of  Jammer  antenna, 

Gr  =  gain  of  receiving  antenna,  and 

Grf  (6)  =  relative  gain  of  receiving  antenna  In  the  direction  of  $, 

Al!  galni  are  m^uured  relative  to  an  isotropic  radiator. 

A I  and  Af  are  path  factors,  ternu  which  account  fov  the  discrepancies 
tween  free  space  values  and  actual  values  of  the  held  intensities.  These  path 
factors,  which  depend  upon  propagation  conditions,  must  be  determined  for 
each  individual  case. 

If  the  jamming  signal  is  restricted  to  the  white  noise  standard,  then  £q. 
(13-23)  and  (13-24)  yield  the  ratio  of  the  transmitted  Jammer-to-s!gnal 
power  is  a  function  of  //5,  where  //5,  the  jamming  threshold;  depends  only 
on  the  characteristics  of  the  receiver  (including  the  operator)  and  the  type  of 
signal  being  received.  For  /n 


jLfji]*  r 

S  [  r,  j 


(13-25) 


The  actual  Jamming  signal  may  differ  considerably  from  the  white  noise 
standard  assumed  above.  In  this  case,  the  threshold  J^/S  would  In  gene^^l 
also  depend  on  the  particular  type  of  jamming  signal  employed  as  well  as  the 
characteristics  of  the  signal  and  the  receiver.  The  efficiency  factor  Mf  can  be 
used  to  account  for  the  relative  effectiveness  of  practical  jamming  signals  as 
compared  to  the  white  noise  standard  so  that  a  new  J/S  need  not  be  defined 
for  each  Jamming  signal.  For  the  actual  Jammer,  Kq.  (13-25)  becomes  for 
the  threshold, 


■  G,Cr 

1^ 

1 

sr  “  s  _ 

GfioTe)  \ 

J 

Mf 

(13-26) 
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where  Mf  is  usually  less  than  unity  but  may  be  greater  than  unity  in  par¬ 
ticular  cases  and  J/S  is  dcAned  on  the  basis  of  white  noise  and  is  independent 
of  the  type  of  jamming  signal. 

i3i9  Radio  Proxitnfly  Jamming 

The  geometrical  picture  of  the  fuse  jamming  problem  is  more  complex  than 
those  of  the  communications  and  radar  problems.  In  the  fuse  jamming  prob- 
lem,  propagation  effects,  however,  are  confined  to  those  which  affect  trans¬ 
mission  characteristics  at  short  ranges. 

The  doppler  proximity  fuse  functions  upon  approaching  a  target  when  the 
reflected  signal  reaches  a  specified  fraction  of  the  radiated  signal.  The  re¬ 
flected  signal  appears  to  the  fuse  to  be  at  a  slightly  different  frequency  from 
the  radiated  signal  due  to  the  motion  of  the  fuse  toward  the  target.  This 
doppler  difference  in  frequency  (a  few  hundred  cycleit)  anpeari  as  a  relatively 
low-frequency  amplitude  modulation.  The  doppLr  frequency  variation  Is 
amplified  and,  upon  reaching  a  certain  prescribed  level,  fires  the  fuse. 

Jamming  a  fuse  Is  accomplished  by  presenting  It  with  a  jamming  signal 
stronger  than  the  actual  reflected  signal  before  the  missile  reaches  its  target 
Fuses  can  be  made  to  discriminate  against  certain  types  of  jamming  signila; 
so  that  the  effectiveness  of  a  Jamming  signal  must  therefore  be  described  lor 
a  particular  fuse.  The  calculation  of  the  total  power  requirements  for  any 
given  tactical  situation  depends  primarily  u|>on  the  number  of  jammers  re¬ 
quired  to  cover  the  expected  fuze  frequency  band  and  the  power  required  for 
each  jammer  to  perform  Its  function.  This  latter  quantity  Involves  the  chnr 
ncterlitlcs  of  the  fuse  and  jammer,  the  trajectory  of  the  missle,  and  the  target 
to  be  protected. 

Although  .  jveral  jammers  may  be  required  to  provide  protection  over  the 
entire  frequency  range,  it  may  be  assumed  that  sufficient  |K)wer  can  be  given 
to  one  jammer  to  cover  one  interval  of  that  range.  It  will  be  this  power  per 
Interval  that  wJil  Ik  referred  to  in  the  following  discussion.  This  power  l.i 
(ieierrn:nt  '  :hc  geometry  of  the  target  to  be  protected,  the  physical  pro- 
IKrtics  of  the  attacking  wea{)on,  and  the  countermeasures  device. 

The  effect  of  geometry  on  the  otJcralion  of  fuzes  has  been  considered  for 
many  cusos  including  use  of  fuzes  against  airborne  targets  (Reference  10) 
and  use  of  (uses  against  ground  targets.  l*he  following  discussion  is  concerned 
with  ground  lurgets.  The  term  protection  refers  to  ihc  prefunctioning  of  fused 
missiles  on  nr  above  the  horizontal  plane  (the  ceiling)  at  a  specified  vertical 
distance  (ceiling  height)  alKwe  ground.  Level  ground  is  as.sumed.  At  any 
point  on  the  celling  the  field  strength  measured  by  the  fuse,  cnllt-d  the 
effective  field  strength,  must  he  sufficient  to  Jam  the  fuze.  The  locus  of  points 
at  which  the  effective  field  strength  is  equal  to  the  jamming  field  strength  Is 
called  the  burst  surface, 
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For  protection  of  a  ground  area,  the  burst  surface  must  intersect  and  ex¬ 
tend  a^ve  the  celling,  thus  intercepting  a  certain  ceilin.ft  area,  in  which  the 
requirements  of  celling  height  and  sufficient  field  strength  to  Jam  the  fuse 
are  both  met  (Figure  13-9).  The  Intercepted  celling  area  and  the  burnt 
surface  above  the  ceiling  area  projected  along  the  missile  trajectory  onto  the 
ground  determine  the  protected  area  and  the  shadow  area  respectively.  Both 
areas  provide  protection.  When  the  missile  comes  straight  down,  the  shadow 
area  merges  into  the  protected  area.  (Reference  11). 


Fioukk:  U-9  CeUlns  sres,  around  sret  protected  by  it, 
and  additional  ehadow  area 


Jamming  |K>wer  as  a  function  of  geometrical  conditions  depends  ui>on  the 
radlatioii  patterns  and  polarization  of  both  the  jammer  and  the  fuse  antennas; 
it  must  be  determined  separately  for  each  basic  jammer-fuse  antenna  com¬ 
bination.  In  general,  the  method  is  not  analytic  but  requires  graphical  or 
numerical  coniputatlon.  (Reference  12).  The  following  antenna  combinations 
have  been  considered  in  a  study  by  the  Electronic  Defense  Group  of  the 
Engineering  Research  Institute  of  The  University  of  Michigan  (Reference 
11): 
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ft)  Vertical  Jammer  antenna^  longiturllnal  fuie  excitation^ 

b)  Horliontal  Jammer  antenna,  longitudinal  fuse  excitation, 

c)  Vertical  Jammer  antenna,  transverie  fuse  excitation, 

d)  Horixontal  Jammer  antenna,  transverie  fuse  excitation, 

e)  DlKone  antenna  with  a  corner  reflector,  longitudinal  fuse  excitation, 

f )  DIscone  antenna  with  a  corner  reflector,  transverse  fuse  excitation* 

A  typical  example  of  the  rtsulti  of 

calculations  Is  shown  In  Figure  13*10. 
The  missile  Is  acting  as  the  fiuee  an¬ 
tenna  and  is  longitudinahj  .xcited. 
The  AS  >542  discone  antenna  witi* 
corner  reflector  Is  assumed  for  the 
Jammer.  In  ihk  example,  the  normal¬ 
ised  protected  area  is  shown  for  a 
missile  arriving  from  the  negative  X 
direction  at  an  angle  of  30^  with  the 
X*Y  plane.  A/  Is  a  normalizing  para¬ 
meter  and  £  is  the  height  of  the  cell¬ 
ing  area  (Figure  13-9)  above  the 
ground  plane.  The  protected  area  is 
the  projection  of  the  ceiling  area  on 
the  ground.  Shadow  area,  also  cov* 
of  the  burst  surface  above  the  celling. 
Note  that  in  Figure  13-10  the  covered  areu  are  shifted  to  the  right  of  the 
Y  axil  since  the  fused  mUsile  is  coming  from  the  left.  Also  note  that  the 
area  occupied  by  tlie  Jammer  Is  not  covered. 

£  is  generally  chosen  to  be  1000  feet.  If  £/Kf  Is  chosen  to  be  0.1,  the 
distance  between  the  circles  In  the  X-Y  plane  is  1000  feet  also.  If  £/Kf  Is 
chosen  as  O.Oi,  the  distance  between  the  circles  is  2000  feet.  The  0.05  and 
0.1  values  of  X/Xf  He  within  the  range  of  values  to  be  expected  from  a  swept 
Jammer  like  the  AN/MRT-4  (the  AS-542  discone  antenna  la  used  with  this 
Jammer)  which  is  used  ugclnst  howitzer  shetii. 

IS.  10  Other  Aspects  of  the  Geometry  of  the  Jamming  Problem 
The  airborne  Jamming  problem  discussed  In  Section  13.2  exemplified  the 
method  of  attack  required  In  must  problems  involving  the  calculation  of 
Jamming  power  or  minimum  Jamming  range.  It  is,  however,  a  special  case  (n 
several  respects.  In  the  flrst  place,  the  assumption  is  made  that  the  Jammer  is 
carried  in  the  aircraft  being  screened.  Second,  the  effect  of  the  ground  is  con¬ 
sidered  only  in  a  qualitative  manner.  Third,  the  results  are  dependent  on  the 
assumption  that  the  target,  being  small  In  extent,  occupies  only  u  fraction  of 
A  lobe  of  the  radar  antenna  beam. 


Flaunt  13-10  Protfcted  area— AS-343  dU- 
cone  antenna  with  corner  reflector,  lonsl- 
tudlnal  fuic  excitation 


ered,  is  the  projection  on  the  ground 
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Kuhn  AnJ  Sutro  made  a  more  exhaustive  and  precise  study  of  the  Jam¬ 
ming  problem  In  Report  411-93,  'Theory  of  Ship  Echoes  as  Applied  on  Nava) 
RCM  Operations''  (Reference  13).  This  report  was  intended  to  iippty  only  to 
the  screening  of  ships,  and  much  of  the  rather  complete  ane)ys<Hi  contained  In 
it  was  necessitated  by  the  fact  that  the  assumptions  of  the  airborne  case 
cannot  be  used;  nevertheless,  much  of  the  information  In  Reference  13  la 
applicable  to  the  Jamming  problem  In  general.  In  particular,  Kuhn  and  Sutro 
have  developed  relationships  which  permit  the  target  to  Intercept  more  than 
one  lobe  of  the  radar  antenna.  These  relationships  take  precise  account  of  the 
interference  between  the  direct  ray  and  the  ground  reflected  ray,  and  ats4) 
cover  the  can  when  the  Jammer  Is  not  carried  in  the  target. 

Another  type  of  geometry  problem  which  was  not  diKUSsed  in  this  chapter 
is  the  determination  of  the  area  or  volume  of  protection  afforded  by  a  mul¬ 
tiple  number  of  Jammers.  As  examples  of  this  type  of  problem,  the  use  of 
Jammers  against  artillery  shells  (Reference  14)  or  the  use  of  Jammers  by 
aircraft  flying  In  formation  against  air-to-air  missiles  may  be  considered 
(Reference  10).  In  these  cases,  the  patterns  of  the  Jammers’  antennas,  Jam¬ 
mer  powers,  the  spacing  between  Jammers,  the  direction  of  arrival  of  the 
miulle,  and  terrain  features  (If  applicable)  must  be  taken  Into  account. 
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14.1  General  Conflderatlone  Regerdinp  Jattitnltif  EffectiveneM 

14.1.1  The  ConeepI  of  Jammliif  EffeellveneM 

In  order  to  give  t  useful  meaning  to  the  concept  of  Jamming  effectlveneu, 
It  ii  necessary  to  specify  the  environment  and  conditions  under  which  the 
Jamming  effort  is  being  pursued.  Although  it  is  conceivable  tnai  *  ^*eld  situ¬ 
ation  may  exist  wherein  one  Jammer  Is  directed  against  one  p^r  .cular  elec¬ 
tronic  equipment,  In  genera]  the  ECM  picture  Is  not  so  si/ pie.  In  most 
situations  a  vast  array  of  ECM  equipment  is  directed  against  a  complex 
electronic  system  which  Includes,  for  example,  radio  communication  channels, 
search  radars,  and  tracking  radars. 

Obviously  it  would  be  Impossible  to  predict  precisely  the  over-all  effective¬ 
ness  of  ECM  in  a  situation  of  this  nature.  It  would  require  thorough  knowl¬ 
edge  of  many  complex  factors  such  as  personnel  training,  morale,  fatigue, 
weather  conditions,  etc.,  in  addition  to  the  purely  electronic  factors.  It  seems 
necessary  therefore  to  evaluate  jamming  effectiveness  in  terms  of  the  relative 
success  of  a  Jamming  technique  against  a  speciAc  class  of  electronic  equip¬ 
ments.  This  evaluation  is  sufficiently  general  to  give  guidance  In  the  selection 
and  apportionment  of  Jamming  equipments,  the  choice  of  which  is  also  based 
on  knowledge  of  the  electronic  system  that  is  to  be  jammed  and  the  prevail¬ 
ing  tactical  situation. 
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14.1.2  Obteurtnf;  vtrtat  Deceptive  Slfitab 

In  the  usual  sense  of  evaluation  of  Jamming  effectiveness^  we  refer  to  a 
measure  which  does  not  Involve  saturation  of  the  enemy’s  channel  by  brute* 
force  techniques.  That  li,  while  his  signal  may  be  overwhelmed^  his  receiver 
is  not.  It  is  usually  necessary  to  be  more  sophisticated,  partly  because  he 
likely  to  have  a  distance  advantage  to  begin  with  and  may,  in  addition,  be 
using  a  transmission  method  which  gives  him  a  peak*power  advantage.  For 
example,  the  Ant  case  usually  obtains  in  the  communication  situation  where 
the  Jammer  cannot  hope  for  more  than  equal  footing;  i.e.,  both  the  jammer 
and  the  target  transmitter  encounter  the  same  path  attenuation  when  radi¬ 
ating  toward  the  receiver.  Again,  in  the  radar  case,  the  target  faces  the 
inverse  fourth-power  law  of  attenuation  while  the  jammer,  with  its  one-way 
transmission,  may  enjoy  the  inverse  square  law.  However,  as  an  illustration 
of  the  peak-power  advantage,  the  latter  example  must  be  examined  again, 
for  the  radar  may  use  a  high  peak  power  with  a  low  duty  cycle,  where  the 
jammer  may  very  well  have  to  operate  on  a  continuous  buis. 

The  above  considerations  lead  us  to  examine  means  by  which  we  may  best 
make  use  of  our  available  jamming  power,  auuming  that  brute-force  type 
powers  will  not  be  available  to  us.  There  are  two  distinct  ways  In  which  the 
enemy  can  be  denied  effective  use  of  his  electronic  equipment.  The  Arst 
method,  called  obscuration,  consists  of  transmitting  a  jamming  signal  of  such 
power  and  composition  that  the  enemy's  electronic  data  will  be  completely 
submerged  In  the  Interferrnce.  In  the  other  method,  called  deception,  the 
jamming  consists  of  false  signals  that  have  similar  characteristics  to  the 
enemy's  electronic  transmissions.  These  deception  signals  cither  cauu  the 
enemy  to  select  the  wrong  signal,  or  saturate  his  facilities  to  the  extent  that 
uo  sound  choice  can  be  made. 

Obscuration  techniques,  which  deny  ail  electronic  Information,  except  per¬ 
haps  the  fact  that  a  jammer  is  operating,  are  clearly  more  desirable  from 
the  standpoint  of  completely  nullifying  the  enemy's  use  of  electronic  equip¬ 
ment.  However,  assuming  that  the  enemy's  electronic  systems  make  Intelli¬ 
gent  use  of  frequency  and  space  diversity,  it  will  not;  because  of  practical 
llmltatiuna  introduced  by  the  power,  weight,  and  quality  of  Jamming  equip¬ 
ment  required,  be  |X)aiible  to  rely  on  obscuration  techniques  alone.  Decep¬ 
tion  techniques  can  be  expected  to  play  an  important  part  in  most  jamming 
efforts. 

14.1.3  Laboratory  Evaluation  versus  Field  Evaluation 

The  evolution  of  an  idea  for  a  jamming  equipment  is  usually  followed  by 
a  paper  study  to  determine  feasibility  and  optimal  design.  After  the  equip¬ 
ment  has  been  constructed  there  arises  the  question  of  how  to  evaluate  Its 
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Ability  to  perform  the  intended  function.  Since  the  device  ii  ultimetely  to 
operate  againit  electronic  equipment!  under  field  condition!,  it  would  appear, 
at  ft  rat  peruul,  that  the  only  rcalUtic  way  in  which  the  performance  of  Jam¬ 
ming  equipment  can  be  determined  U  by  field  evaluation.  In  general  however, 
becauae  of  the  man^  practical  difficulties  encountered  In  field  evaluation!,  it 
U  necemry  to  combine  both  laboratory  and  field  evaluations  to  Insure  ade¬ 
quate  measurement  of  the  characteristics  and  performance  of  Jamming  equip¬ 
ment. 

In  field  testing  it  frequently  becomes  extremely  difficult  to  separate  the 
effects  of  many  related  factors  on  Jamming  effectiveness.  The  compilation  of 
sufficient  data  to  gain  a  thorough  understanding  of  all  of  the  factors  related 
to  equipment  performance  often  becomes  impractical  In  view  of  the  expen¬ 
diture  of  time  and  money  required.  By  the  use  of  simulation  techniques,  it  is 
normally  possible  to  study  Jamming  equipment  perfornutnets  In  the  laboratory 
with  a  precision  that  is  virtually  impossible  In  the  field.  Information  ob¬ 
tained  In  laSwratory  studies  can  then  be  used  to  design  a  realistic  and 
efficient  field  evaluation  program. 

14«1.4  Relationship  Between  ,?amniln|(  Effectiveness  and  Suscep- 
tlblUty  to  Janiialnf 

A  natural  consequence  of  the  development  of  a  catalog  of  Jamming  sig¬ 
nals  and  their  relative  effect! veneu  measures  Is  a  determination  of  the  sus¬ 
ceptibility  of  certain  equipments  to  Jamming.  It  might  at  first  appear  that 
the  logical  organisation  to  determine  Jamming  effectiveness  is  also  the  one 
to  establish  the  measure  of  susceptibility*  V/hlle  this  may  be  an  economical 
move,  it  Is  one  which  may  be  a  handicap  to  the  entire  assignment. 

To  determine  the  effectiveness  of  various  Jamming  signals,  the  engineer 
would  like  to  have  available  to  him  a  ‘‘unlversar’  receiver.  It  Is  representative 
of  all  receivers  and  does  not  embody  the  peculiarltlM  of  any  one.  It  has  large 
dynamic  range,  la  linear  where  it  should  be  so,  does  not  suppress  weak  signals 
or  noise  in  any  other  than  theoreiical  fuhlon,  receives  all  types  of  signals 
and  demodulates  them  in  an  optimum  manner  and  permits  variation  of  Its 
parameters,  such  as  gain,  bandwidth,  time  constant,  and  the  like  with  com¬ 
plete  flexibility.  With  the  receiver  In  hand,  he  Is  free  to  compile  a  catalog  of 
the  relative  efiectivenm  of  a  wide  variety  of  jamming  signals,  knowing  that 
their  ordering  will  be  independent  of  any  receiver  peculiarities.  Then,  with 
such  a  catalog  of  signals  and  the  appropriate  modulations  available,  he  la 
prepared  to  determine  the  susceptibility  of  less-than-ideal  receivers  to  the 
various  Jamming  transmlMions  which  can  be  impressed  upon  their  antenna 
terminals. 

In  the  absence  of  the  universal  receiver,  or  ideal  receiver,  the  specification 
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of  both  jamming  cffectlvenesA  and  susceptibility  of  receivers  to  jamming  be¬ 
comes  an  *Mf-then”  proposition — *7/  our  receiver  and  target  signal  para¬ 
meters  are  as  given,  then  the  effectiveness  of  FM-by-nolse  Jamming  signal  A 
is  three  decibels  better  than  AM-by-nolse  jamming  signal  A."  Or,  *7f  an 
FM-by-no!se  jamming  signal  A  of  x-kc  deviation  at  y-kc  modulation  band¬ 
width  is  used,  then  our  receiver,  when  tuned  on  frequ^mey  to  signal  B  shows 
a  higher  degree  of  susceptibility  than  when  subjected  to  AM-by-nofse  jam¬ 
ming  signal  A.'*  Such  expressions  and  qualifications  lead  one  to  present  his 
data  in  the  form  of  curves,  rather  than  strive  for  an  unrealistic  single  num¬ 
ber.  The  situation  is  not  unlike  that  of  a  manufacturer-customer  relationship 
in  an  equipment  transaction.  As  can  readily  be  appreciated,  a  manufacturer 
does  not  present  a  number  which  evaluates  the  equipment  in  terms  of  a  par¬ 
ticular  use  the  customer  has  for  the  product,  Rather,  he  presents  a  set  of 
data  which  permits  the  customer  to  calculate  the  value  of  the  product  for 
his  own  use.  Such  should  be  the  case  in  presentations  of  studies  of  both 
jamming  effectiveness  and  susceptibility  tc  jamming,  but  the  clear  specihea- 
tion  of  the  conditions  is  mandatory  because  of  the  very  complete  inter¬ 
dependence  of  the  one  study  on  the  other. 

14t2  The  SeMrch  RaiSar  Jamming  l*rohlem 

14.2«1  Introdurllon  an<l  General  Commenia 

Since  the  end  of  World  War  11  (here  have  been  many  technological  ad 
vunces  that  have  contributed  to  the  Improvement  of  search  radar  perform¬ 
ance.  Microwave  power  sources  capable  of  Increasing  the  radar  radiated 
power  by  orders  of  magnitude  have  been  develo|)ed.  Also,  basic  radar  cir¬ 
cuitry  and  components  have  been  vastly  improved  in  both  performance  and 
reliability.  New  circuits  have  been  added  to  enhance  the  flexibility  of  radars 
o|)erat{ng  in  a  variety  of  interference  and  jamming  environments  and  to 
insure  optimum  pnKcssing  of  radar  data.  However,  the  most  slgniflcant 
single  new  search  radar  innovation,  with  regard  to  decreasing  vuU^erabliiiy  to 
electronic  Jamming,  has  been  the  acqui.sition  of  a  rapid  tuning  capability. 

Formerly  the  problem  of  jamming  a  search  radar  was  relatively  simple.  It 
was  only  necessary  to  tune  the  jammer  to  the  radar  frequency  and  transmit 
relatively  little  power  to  achieve  successful  Jamming.  The  radar  was  con¬ 
strained  by  the  Inlierent  characteristics  of  its  microwave  power  source  to 
remain  at  a  fixed  frequency:  con.scqucntly  all  of  the  jamming  |H)Wer  could  be 
concentrated  in  the  radar  receiver  bandpass,  thus  producing  a  large  jam- 
ming-to-signal  power  ratio,  Under  these  conditions  of  *1)rute  force"  jamming 
(he  type  of  jamming  waveform  employed  was  of  little  consequence  and  was 
usually  chosen  according  to  convenience  of  jamming  equipment  design. 
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Now*  the  frequency  iKility  of  modern  learch  ridtrs  requires  that  the 
Jamming  power  ^  distributed  over  the  entire  frequency-operating  range  of 
the  radar  in  order  to  jam  successfully.  This  means  that  the  actual  jamming 
power  in  the  radar  passband  has  been  reduced  by  a  factor  of  several  hun¬ 
dred.  The  jamming  to  signal  ratio  in  the  radar  receives  has  also  been  reduced 
accordingly,  with  increased  radiated  radar  power  resulting  in  an  even  fur¬ 
ther  reduction. 

From  these  consideratioiif  it  is  clear  that  the  choice  of  an  optimum  jam¬ 
ming  waveform  is  central  to  the  problem  of  maximising  jamming  effective¬ 
ness.  In  general  it  can  be  stated  that  the  jamming  waveform  must  satisfy 
three  essential  conditions  In  order  to  produce  successful  Jamming:  (!)  suffic¬ 
ient  power,  (2)  uniform  frequency  coverage,  and  (3)  a  time  structure  of 
sufficient  complexity  to  obscure  taijet  echoes  or  to  produce  numerous  false 
targets  that  can  not  be  distinguished  froEn  the  true  target  echo. 

Theoretical  Evaluation  oj  Jamming  EJJecHvemss*  It  was  pointed  out 
In  14.1.1  that  a  comprehensive  s’^alysls  of  the  jamming  effectiveness  prob¬ 
lem  is  virtually  impossible  because  of  the  many  interrelated  iniluenclng 
factors.  This  does  not  mean,  however,  that  theoretical  analyses  can  not 
prove  extremely  useful  in  providing  an  understanding  of  how  various 
parameters  influence  ECM  effectiveness.  It  is  Inconceivable  that  an  ex|)eri- 
menUl  investigation  could  be  conducted,  even  in  the  laboratory,  in  a  finite 
amount  of  time  that  would  produce  complete  data  concerning  the  effective¬ 
ness  of  all  possible  modulations  against  a  search  radar  system.  Therefore  it 
is  imperative  that  mathematical  models  of  the  jamming  problem  be  con> 
structed  In  order  both  to  guide  experimental  studies  along  fruitful  paths  and 
to  interpret  the  significance  of  experimental  data. 

The  problem  of  detecting  radar  signals  in  gaussian  (or  receiver)  noise  has 
been  treated  by  Lawson  and  Uhlenbeck  in  Reference  1,  Marcum  In  Refer¬ 
ence  2,  and  others.  Hok  (Reference  3)  has  applied  the  principles  of  infor¬ 
mation  theory  to  the  jamming  problem  to  show  that  maximutn  equivocation 
of  the  radar  receiver's  output  is  obtained  using  bandlimited  gaussian  noise. 
In  order  to  bring  In  the  decision  pri)ce.ss  explicitly,  which  Is  central  to  the 
problem  of  radar  detection,  the  methods  of  statistical  decision  theory  (Re 
ference  4)  must  be  applied.  Here  a  cost  criterion  is  chosen,  and  the  optimum 
jamming  signal  Is  defined  as  the  one  that  maximises  the  average  cost  of  the 
decision  that  the  observer  makes  when  subject  to  jamming  (Reference  5). 

It  has  been  stated  previously  that,  In  addition  to  the  power  and  frequency 
spectrum  of  the  jamming  signal,  the  time  structure  of  the  jamming  wave¬ 
form  Is  directly  related  to  jamming  effectiveness.  The  former  two  proptTtIrs 
are  adequately  de.scrlbed  u.slng  second  order  statistics,  us,  fur  example,  will 
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be  seen  in  the  cilcuUtioni  in  24.2,4.  However,  since  spectral  a)«a!ytli:.  does 
not  preserve  the  phase  information  which  Is  closely  related  to  waveform 
time  structure,  a  further  mathematical  description  of  the  Jamming  ..aveform 
is  needed.  Middleton  has  suggested  the  use  of  complexity  measures  propor¬ 
tional  to  the  natural  logarithm  of  the  probability  densities  (Reference  5). 

When  a  human  operator  Is  employed  as  the  decision  making  apparatus, 
as  opposed  to  an  automatic  search  radar  system  such  as  SAGE,  the  rather 
indeterminate  nature  of  the  eye-brain  proceu  in  the  obseri'cr  makes  a  com¬ 
plete  theoretical  analysis  impossible.  It  is  necetsary  to  supplement  the  mathe¬ 
matical  description  of  the  man-nutchine  system  with  data  from  carefully 
designed  experiments.  Accordingly  it  will  1^  useful  to  review  the  essential 
features  of  tome  psychological  studies  in  search  radar  visibility. 

Psychological  Studies  o]  Starch  Radar  VisibUty.  A  rather  complete  survey 
of  numerous  psychological  studies  related  to  the  search  radar  visibility 
problem  has  been  compiled  by  Baker  «nd  Thornton,  and  Williams  (Refer¬ 
ences  6  and  7)  has  reviewed  research  in  radar  visibility  using  both  deflection 
modulated  and  intensity  modulated  displays.  An  analysis  of  \he  major 
factors  affecting  visibility  on  intensity  modulated  radar  displays  was  given 
by  Morgan  (Reference  8);  This  section  wiil  be  concerned  primarily  with 
considerations  advanced  in  the  latter  reference. 

There  are  many  variables  that  affect  the  appearance  of  the  radar  display, 
such  as  pulsewldth,  pulse  repetition  rate,  Jamming  spectrum,  antenna  beam- 
width,  antenna  rotation  rate,  cathode  ray  tube  (CRT)  bias,  etc.  However 
the  observer  is  not  directly  concerned  with  these  variables.  His  objective  Is 
to  detect  a  target  in  the  resulting  display;  consequently  the  visual  factors, 
which  Include  background  brightness  and  composition,  Incremental  target 
brightness,  and  target  sise  and  duration,  will  directly  determine  the  obser¬ 
ver's  detectability  threshold. 

Assuming  that  the  display  background  is  relatively  uniform  (this  would 
be  the  case  for  obKiiratlon  Jamming),  the  task  of  the  observer  becomes  one 
of  brightness  dlKrimlnatlon.  The  target  produces  an  Inciemental  brlghtnes.i 
which  adds  to  the  background  intensity  /.  The  threshold  Is  conveniently 
expressed  In  terms  of  the  ratio  of  A/  to  /  for  a  particular  /.  Because  of  the 
large  range  of  this  ratio,  the  logarithm  of  (A///)  is  used.  A  set  of  curves 
depicting  typical  brightness  discrimination  threshold  is  given  in  Figure  14-1. 

The  background  brightness  of  a  cathode  ruy  tube  Is  a  direct  function  of 
the  tube  bias.  Figure  14-2  illustrates  this  relationship  at  the  time  of  peak 
excitation  and  at  a  time  one-sixth  second  later.  When  a  signal  is  applied  io 
the  grid  of  the  CRT,  it  produces  a  change  in  the  bias  voltage  for  the  dura¬ 
tion  of  the  signal  pulse,  and  thereby  produces  an  incremental  brightness  A/« 
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With  Ihc  ftid  of  Fl;;urc  M-2  a  curve  can  be  conilruclcd,  Figure  14-3,  which 
iihowft  the  relationship  between  A///  and  the  signal  voltage  on  the  grid  of 
the  CRT.  The  curve  In  Figure  14-2  for  a  time  one-sixth  second  after  peak 
excitation  was  used  in  constructing  Figure  14-3|  because  the  eye  reaction 
time  for  maximum  sensitivity  h\  on  the  order  of  one-sixth  second. 

Perhaps  the  mort  Important  variable  affecting  target  detectability,  over 
which  the  oi)erator  has  control,  is  the  CRT  bias.  As  may  be  wen  in  Figure 
14-1,  the  human  eye  detects  Increments  in  brightness  more  readily  as  the 
background  intensity  Is  Increased.  On  the  other  hand,  h  may  be  seen  from 
Figure  14-2  that  as  the  bias  becomes  less  negative  (corresponding  to  In¬ 
creasing  /)  the  slo|)e  of  the  curve,  which  is  a  measure  of  Inctemerital  bright¬ 
ness  A/  l>er  unit  target  signal  voltage,  becomes  smaller.  Thus,  detectability 
at  low  Intensities  is  Impaired  by  the  characteristics  of  the  eye,  and  at  high 
intensities  by  the  characteristics  of  the  cathode  ray  tube. 

Assuming  a  given  target  slxe  (the  size  will  depend  on  antenna  beamwidth, 
target  pulsewidth,  target  range,  and  the  distance  of  the  eye  from  the  scope 
face)  a  plot  of  detectability  vetsus  CRT  bias  can  be  constructed.  This  Is 
done  for  targets  of  three  different  sizes  on  Figure  14-4.  It  cun  be  seen  that 
an  optimum  CRT  bias,  which  depends  somewhat  on  target  size,  exists.  The 
calculated  curves  of  Figure  14*4  compare  quite  well  \.ith  the  experimental 
data  given  In  Reference  7.  Noise  Jamming  which  produces  uniform  back¬ 
ground  brightness  will  cause  the  actual  optimum  blu  to  be  shifted  In  pro¬ 
portion  to  the  rms  value  of  the  noise. 

Other  important  radar  parameters  that  affect  the  brightness  of  the  cathode 
ray  screen  are  the  antenna  rotation  rate  and  the  pulse  frequency.  In  order 
to  produce  a  uniform  background  these  two  parameters  must  be  compatible, 
that  is,  the  pulw  repetition  frequency  must  be  siifHciently  high  for  a  given 
antenna  rotation  rate  so  as  not  to  produce  spokes  on  the  screen.  The  back¬ 
ground  brightness  will  vary  inversely  with  the  antenna  rotation  rates,  and 
will  be  directly  proportional  to  the  pulse  re|)etltion  frequency.  Hy  referring 
to  Figure  14-2,  which  corresponds  to  a  ret>etition  frequency  of  600  pps  and 
a  rotation  rate  of  10  rpm,  one  can  calculate  the  effects  on  /  of  changes  in 
the  re|>ftitl(:n  frequency  and  rotation  rate.  Having  determined  the  bright¬ 
ness  ill  thl.s  nmnner,  the  required  value  of  log  (A///)  may  be  found. 

Target  pulsewidth  and  antenna  l>eamwldth  enter  the  detectability  problem 
through  their  effects  on  the  target  .size.  Hy  using  methods  similar  to  those 
of  the  preceding  paragraph,  the  effect  of  these  two  parameters  may  be  cal¬ 
culated. 

From  this  t}ricf  description  of  psychological  studle.s  of  radar  visibility,  It 
can  he  .seen  that  considerable  progress  has  been  made  In  gaining  an  under¬ 
standing  of  factors  governing  a  radar  operator’s  |>erformance.  Under  certain 
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conditions  detection  thresholds  can  be  predicted  with  reasonable  accuracy. 
However  much  work  remains  to  be  done  in  studying  the  effect  of  noise  which 
produces  a  nonuniform  background.  In  this  connection^  the  notion  of  com¬ 
plexity  mcafiurcs,  referred  to  earlier,  may  prove  beneficial  In  specifying  Jam¬ 
ming  noise  in  terms  of  the  display  it  produces. 

14.2.2  Types  of  Oiiscurallon  Jammlnf 

Obscuration  Jamming  signals  can  be  conveniently  classified  according  to 
the  ratio  of  the  Jamming  signal  bandwidth  to  the  acceptance  bandwidth  of 
the  victim  radar.  If  the  ratio  is  large  the  signal  is  called  barrage  Jamming; 
if  the  ratio  is  small  the  signal  is  called  spot  Jamming.  Spot  Jamming  sources 
will  not  bo  discussed  here,  since  they  would  not  be  effective  (even  when 
controlled  by  rapid  autonatlc  search-and-!ock  equipment)  against  modern 
search  radars  having  pulse-to-pulse  frequency-shift  capabilities.  As  men¬ 
tioned  before,  it  Is  not  practical  to  cover  the  spectrum  with  barrage  Jamming. 
However,  broadband  barrage  jammers  can  be  provided  with  electronic 
tuning,  and  one  or  more  Jammers  can  bo  deployed  in  frequency  so  as  to 
best  meet  the  existing  search  radar  threat. 

The  class  of  barrage  Jamming  signals  can  be  further  subdivided  according 
to  whether  the  modulation  Is  periodic  or  random.  Periodic  modulations  are 
unreliable  because  of  the  likelihood  of  synchronism  or  near  synchronism,  of 
unknown  phase,  between  the  Jamming  and  echo  signals  In  the  victim  radar 
receiver.  The  performance  of  random  Jamming  Is  thus  more  accurately 
predictable  than  that  of  periodic  Jamming.  Furthermore,  a  sufficient  Increase 
in  Jamming  power  will  nearly  always  suffice  to  obscure  the  target  ech(3fs  if 
random  jamming  is  used,  but  not  if  periodic  Jamming  Is  used. 

Random  Barrage  Jamming  Signals,  The  major  random  barrage  Jamming 
signals  of  established  general  effectiveness  against  search  radars  are  direct 
TfOise  amplified  (DINA),  FM-by-noise,  and  AM-by-nolse.  In  addition, 
random  pulse  amplitude  modulation  can  be  at)plied  to  iny  of  these  signals. 
The  salient  features  of  each  of  these  signals  are  discussed  below. 

Direct  noise  amplified  is  simply  bandllmlted  gausslan  noise.  Since  we  are 
discussing  barrage  sources,  It  is  Implied  that  the  s}>ectrat  density  is  nearly 
constant  over  the  victim  receiver’s  pa.ssband;  for  practical  purtK)srs,  then, 
DINA  may  be  considered  to  be  **whltc”.  Since  it  Is  the  same  as  thermal 
agitation  noise  except  for  power  level.  Its  Jamming  effect  is  a  large  Increase 
In  receiver  nol.se  figure.  DINA  Is  the  classical  form  of  jamming,  and  has  the 
most  general  utility  of  the  known  Jamming  signals.  Although  it  may  not  be 
the  best  Jammer  in  any  specific  situation,  it  is  a  good  jammer  in  nearly  all 
situations.  In  practice  DINA  is  generated  by  amplifying  low  level  noise 


14*10 


ELFXTRCNKC  COUNTERMEASURES 


th£t  hai  been  Altered  to  obtain  the  desired  Jamming  frequency  spectrum. 
The  output  stage  consists  of  a  power  amplIAcr  of  the  traveling  wave  or  dis¬ 
tributed  ampllAer  type. 

Frequency  modulation  by  noise  is  best  dlKiused  after  categi)rixing  into 
FM-by-WB  (wideband)  noise  and  FM-by-LF  (low-frequency)  noise.  Tlie 
jamming  mechanism  Is  quite  different  for  the  two  cases,  as  will  be  shown 
in  the  analyses  of  14.2.4. 

Frequency  modulation  by  WB  noise  attempts  to  produce  the  same  reiuli 
as  does  DINA,  using  a  rapidly  tunable  power  oscillator,  such  as  the  back¬ 
ward  wave  oscillator  (BWO).  A  critical  comparison  of  the  relative  merits 
of  power  ampliAers  versus  power  oscillators  ns  barrage  Jamming  sources  will 
not  be  attempted  here.  Selection  of  th;2f  best  jamming  source  will  obviously 
depend  on  such  factors  as  the  relative  size,  weight,  cost,  and  reliability  of 
the  {K)wer  tubes  that  are  available  In  the  frequency  range  of  interest.  It  is 
of  interest,  however,  to  investigate  the  mechanism  by  which  FM  by  noise 
techniques  can  be  used  to  produce  jamming  that  is  essentially  Indlitlnguish- 
able  from  DINA  at  the  output  of  a  given  radar  receiver,  and  to  deter¬ 
mine  the  requirements  that  must  be  placed  on  the  FM  modulation  parameters. 
Each  time  the  frequency  modulated  carrier  sweeps  across  the  victim’s  pass- 
band,  the  victim  receiver’s  Alter  circuits  are  set  to  ’‘ringing”  by  the  impulsive 
character  of  the  Input.  If  the  modulation  i%  random,  then  the  receiver  Input 
is  a  random  time  series  of  short  pulses.  If,  further,  the  average  frequency 
of  these  pulses  is  much  greater  than  the  victim  bandwidth,  then  the  condi¬ 
tions  for  the  Central  Limit  Theorem  are  approximated,  and  the  output  of 
tne  receiver  Alter  (usually  i-f)  is  very  nearly  gausilan  in  Its  Arst  order 
statistics.  Thus,  one  expects  the  i-f  output  for  FM-by-WB  noise  to  be  the 
same  as  for  DINA. 

rrcqucncy  modulation  by  LF  noise  uses  the  same  microwave  sources  for 
its  generation,  but  restricts  the  modulating  noise  bandwidth  to  be  much  less 
than  the  victim  bandwidth.  Thus,  the  ringing  caused  by  one  receiver  crossing 
is  usually  nearly  over  before  another  crossing  occurs.  The  i-f  output  wave  Is 
therefore  a  random  tune  series  of  distinct  pulses  whose  duration  Is  approxi¬ 
mately  the  reciprocal  bandwidth.  This  jamming,  when  directed  against  search 
radars,  exhibits  two  principal  advantages  and  one  principol  disadvantage,  it 
har  increased  effective  ness  because  the  ordinary  radar  second  detector  pro¬ 
duces  more  video  power  for  a  given  I-f  output  (or  receiver  input)  power  with 
FM-by-LF  noise  tlian  with  FM-by-WB  noise  or  DINA.  Thus,  this  source 
is  mure  efficient  in  producing  video  Jamming  than  are  the  others.  Also,  a 
given  video  power  is  more  effective  in  jamming  small  target  displays  on  a 
PIM  if  KM-by-LF  noise  Is  used.  This  may  be  associated  with  a  confusion 
effect  caused  by  the  rrsembluncc  of  many  of  the  bright  spots  to  small  target 
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echoes.  The  principal  disadvantage  of  FM-by-LF  noise  Is  Oiat  it  is  relatively 
easy  to  counter^  since  the  Jamming  is  dlKontinuous  even  at  the  receiver  out¬ 
put,  and  many  or  most  cf  the  target  echo  pulses  are  free  of  Jamming  if  ob¬ 
served  In  real  time. 

Amplitude  modulation  by  noise  enjoyed  considerable  early  and 

approximates  DINA  in  effect.  However,  it  is  difficult  to  prr  juce  a  broad 
barrage,  since  the  frequency  coverage  from  a  single  AM-by-noise  source  Is 
limited  to  twice  the  bandwidth  of  the  modulating  noise. 

Iti  randomly  pulsed  barrage  (RPB)  jamming,  a  background  level  of  Jam¬ 
ming  is  maintained,  and  the  level  is  increased  by  the  pulse  modulation.  The 
duration,  amplitude,  and  spacing  of  the  modulating  pulses  should  be  varied 
randomly  to  prevent  easy  countering  by  the  victim.  The  average  Jamming 
pulse  duration  should  match  that  of  the  expected  victim  radars,  and  the 
average  Jamming  prf  must  be  much  greater  than  the  radar  prf.  The  barrage 
Jamming  signal  before  pulse  modulitlan  can  be  either  DINA  or  FM-by-WB 
noise. 

RPB  Jamming  achieves  high  effectiveness  due  to  the  intermittent  charac¬ 
ter  of  the  Jamming  In  the  victim  rKeiver  output,  in  the  same  manner  as 
FM-by-LF  noise.  In  addition,  It  is  difficult  to  counter  since  the  background 
Jamming  Is  continuous.  This  Jamming  technique  is  best  applied  by  pulse 
modulating  in  a  tube  having  a  higher  peak  than  average  power  •'ating. 

14.2.S  Experimental  Methods 

As  diKUssed  in  14.1.3,  the  complexity,  expense,  and  Inaccuracy  cf  held 
testing  often  necessitates  laboratory  simulation  testing  of  Jamming  effective¬ 
ness.  This  is  particularly  true  when  a  human  operator  is  the  decision  making 
link,  as  in  the  case  of  search  radar  using  PPl  display.  Accordingly,  it  wilt 
be  valuable  to  diKUSs  experimental  methods  of  evaluating  the  effectiveness 
of  barriige  Jamming  signals  against  PPI  search  radars. 

Praciical  Criteria  Jar  Jamming  Ejfeciiveness.  The  first  problem  in  design¬ 
ing  a  test  is  the  establishment  of  a  practical  criterion  to  use  as  a  measure 
of  Jamming  effectlveneu.  As  mentioned  before,  the  enormously  compli¬ 
cated  electronic  warfare  situation  in  a  hot  war  environment  forces  one 
to  the  artifice  of  studying  conflicts  between  a  single  target-borne  Jammer 
and  a  single  radar.  For  this  cate,  a  reasonable  effectiveness  criterion  from 
the  Jammer  designer’s  point  of  view  is  the  Jamming  power  required  to 
reduce  detection  probability  to  a  given  value.  In  fact,  the  entire  func¬ 
tion  relating  required  power  and  detection  probability  is  even  more  useful. 
Of  course  this  power  is  also  a  function  of  target  characteristics,  Jamming 
antenna  gain,  range,  and  radar  parameters.  The  first  three  of  these  vaii- 
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ablet  cm  be  eliminated  from  consideration  in  the  laboratory  by  substi¬ 
tuting  radar  Input  signal- to- Jammer  (S/J)  ratio  for  Jamming  power ,  as  a 
criterion,  We  have  then  for  a  criterion  for  Jamming  ratios  of  signal  effective¬ 
ness  against  a  particular  radar,  the  ratios  of  a  signal  power  to  Jamming  power 
(per  megacycle)  at  the  receiving  antenna,  corresponding  to  various  values 
of  detection  probability.  To  insure  reproducibility  and  comparability  of 
test  results,  the  test  conditions,  including  selection  and  conditioning  of  ob¬ 
servers,  must  also  be  speciAed,  These  conditions  will  be  discussed  later. 

Since  detection  thresholds  are  involved  in  the  effectiveness  criterion 
selected,  then  in  effectiveness  testing  the  methods  used  by  psychophysicists 
in  deterninlng  sensory  perception  thresholds  are  applicable  (Reference  9). 
The  experiment  should  proceed  from  easy  to  difficult  in  diKrete  steps,  and 
the  forced  choice  method,  where  the  observer  is  not  permitted  io  reply 
don't  know",  has  been  found  necessary  for  reproducibility  of  results.  In 
addition,  care  must  be  taken  to  select  test  conditions  which  are  reproducible, 
and  to  be  consistent  in  these  conditions.  Descriptions  of  testing  details  form 
an  important  part  of  the  Anal  data. 

As  will  be  seen,  further  artiAces  are  dictated  by  experimental  convenience. 
These,  added  to  the  complexity  and  variability  of  even  the  simplest  Aeld 
sltimtiona,  make  it  impractical  to  attempt  accurate  predictions  of  Jamming 
|)erformaiices  on  an  absolute  basis.  What  are  more  within  reach  are  esti¬ 
mates  of  Jamming  f>erformance  relative  to  some  standard  signal.  Its  ver¬ 
satility  and  the  large  volume  of  data  on  its  performance  lead  to  the  selec¬ 
tion  of  DINA  for  that  standard  source.  So  we  measure,  principally,  rriaiivr 
Jamming  effectiveness  between  different  sources.  This  is  expressed  as  the  ratio 
of  Jamming  power  levels  for  equal  detection  probabilities. 

Test  Conditions  and  Procedures.  In  the  development  of  a  testing  pro¬ 
cedure,  it  remains  to  adapt  the  selected  effectiveness  criterion  to  the  realities 
of  the  laboratory.  The  duration  of  the  jamming  tests  must  be  minimized 
fur  two  reasons.  Firet,  a  progressive  Jamming  test  Is  fatiguing  to  a  con¬ 
scientious  observer.  Second,  the  cost  of  data  in  terms  of  manpower  and 
equipment  Is  high  (though  still  much  lower  than  the  cost  of  equivalent  Aeld 
test  data).  The  designer  of  a  jamming  cffectivcnes.s  experiment  is  called 
upon  to  make  a  very  careful  rumpromlse  between  cost  on  the  one  hand  and 
accuracy  and  realism  of  the  data  on  the  other  hand. 

In  II  conflict  between  a  single  target -lK)rnc  Jammer  and  a  single  search 
radar,  the  Jammer's  mission  Is  to  obscure  range  information  since  azimuth 
information  is  provided  by  the  Jamming  source.  In  a  fourd-choice  simula¬ 
tion  ex|>erimt*nt,  then,  It  would  be  natural  to  Ax  the  target  a/imuth,  and  to 
require  the  observer  to  .state  at  which  of  several  possible  range  positions  the 
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Urget  is  located*  However,  on  a  PPI  the  detection  probability  varies  with 
range,  because  of  the  variation  of  spot  slxe  effects  and  of  subtended  visual 
angle.  The  added  experimental  complication  of  this  effect  Is  avoided  by 
fixing  target  range  and  requiring  the  observer  to  stale  at  which  of  several 
possible  asimuth  positions  the  target  is  located. 

A  further  artifice  of  interest  Is  the  elimination  of  antenna  scanning  modula¬ 
tion  of  the  Jamming  noise;  i.e.,  the  noise  is  prcMnted  uniformly  over  the 
entire  PPi  screen.  The  purpose  is  a  drastic  reduction  in  observer  fatigue.  The 
Justification  is  the  fact  that  relative  effectiveness  is  being  measured.  By  the 
same  argument,  compier  antenna  pattern  modulation  need  not  be  Impressed 
on  the  simulated  target  echo;  the  use  of  rectangular  gating  waveforms  sim¬ 
plifies  the  equipment  problem.  Note  that  whenever  an  experimenter  uses 
this  Justification,  he  is  assuming  that  the  artifice  introduced  has  equal  effects, 
quantitatively,  on  the  Jamming  sources  being  compared. 

We  have  now  outlined  criteria  and  the  essential  features  of  a  method  for 
laboratory  testing  of  relative  Jamming  effectiveness  against  a  PPI  type 
search  radar.  Some  artificial  experimental  conveniences  have  also  been  de¬ 
scribed.  An  extensive  program  at  the  Johns  Hopkins  University  Radiation 
Laboratory  has  been  conducted  with  the  above  as  a  basis  (References  10,  II, 
and  12).  The  other  salient  features  of  this  program  will  he  dcKrlbcd  below, 
to  complete  an  example  of  experimental  methods. 

The  tactical  model  employed  Is  an  aircraft  at  a  fixed  range  of  25  (nautl- 
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ctl)  miles,  operating  a  jammer  against  an  AN/FPS-3  radar  which  is  set  to 
ifs  50  mile  Kale. 

The  essential  portions  of  the  simulation  equipment  are  shown  in  the 
functional  block  diagram  of  Figure  14*5.  Both  target  and  jamming  signals 
are  generated  at  the  i-f  of  30  megacycles,  mainly  to  avoid  r-f  simulation 
problems.  Standard  receiver  and  indicator  units  of  the  AN/FPS-3  radar  are 
used;  the  controls  are  not  available  to  the  observer.  The  automatic  program¬ 
mer  is  controlled  by  a  Western  Electric  tape  transmitter  and  a  suitably 
punched  tape.  Each  time  it  is  actuated  by  an  answer  switch,  it  sets  the  target 
aalmuth  position  according  to  a  table  of  random  numbers.  The  Eoterllne  An¬ 
gus  operations  recorder  records  actual  target  aaimuth,  observer's  answer  as  to 
asimuth,  and  experimental  data.  The  antenna  rotation  simulator  furnishes 
synchro  information  to  the  indicator,  and  triggers  the  antenna  pulse  generator 
at  the  proper  azimuth.  The  antenna  pulse  Is  rc*ctangular,  and  of  such  dura¬ 
tion  as  to  simulate  a  3  degree  beamwidth.  The  simulated  rotation  rate  is 
10  rpm.  This  is  the  maximum  for  the  AN/FPS-3,  and  is  used  to  minimize 
experiment  time. 

During  the  experiment  the  noise  (jamming)  is  presented  uniformly  over 
the  entire  PPL  The  face  of  the  Indicator  Is  divided  by  lines  into  six  pie- 
shaped  sectors.  The  target  is  presented  in  the  center  of  one  of  these  sectors, 
for  each  of  two  successive  antenna  revolutions  (Kans),  and  the  observer 
is  required  to  signify  his  choice  of  the  sector  In  which  the  target  appeared, 


be 


ore  the  next  presentation  Is  made.  The  test  is  begun  with  a  high  S/J 

ratio,  and  proceeds  by  steps  of  one 
decibel  to  lower  S/J  ratios  by  changing 
noise  power;  the  signal  power  is  held  Axed. 
At  every  step  12  presentations  are  nude. 
Itie  test  continues  i*»til  the  observer 
misses  more  than  seven  targets  in  any 
step.  A  sequence  of  ten  observer  testings 
constitutes  one  complete  jamming  effec¬ 
tiveness  experiment. 

The  data  for  each  observer  are  correcied 
for  the  probability  of  correct  guesses,  and 
the  result  is  a  table  of  detection  prob¬ 
ability  estimates  for  various  S/J  values. 
These  are  plotted  on  normal  probability 
pa|)cr,  as  In  the  sample  jamming  curve 
of  Figure  14-6,  A  straight  line  is  fitted  to 


A  A 


Fiousc  14-6  Ssmplo  Jsmminx  curvt 

the  plotted  data,  under  the  assumption  that  the  jamming  curve  is  the  nornuil 
signoid  curve  common  in  sensory  preceptlon  testing.  (This  curve  maps  to  a 
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straight  line  on  probability  paper.)  The  object  if  to  make  a  maximum  like¬ 
lihood  cftimate  of  the  curve  from  which  the  true  data  arose ;  to  do  this 
rigorously  !i  a  complicated  procedure,  requiring  the  use  of  a  digital  com¬ 
puter.  It  has  been  found,  however,  that  a  visual  estimate  of  a  least-squares 
At  produces  all  the  accuracy  that  Is  meaningful  in  thw  experiment.  The  50 
percent  intercept  is  taken  m  the  individual  observer's  Jamming  threshold. 
The  slope  of  the  curve,  which  is  of  the  form  of  a  standard  deviation,  k  a 
measure  of  how  slowly  the  observer  is  jammed.  The  Jamming  thresholds,  in 
decibels,  are  averaged  for  the  ten  observers,  to  give  the  *‘mean  Jamming 
threahold",  as  the  result  of  the  experiment.  The  relative  values  of 

(S/J)  for  different  jamming  sources  are  then  the  required  relative  effec¬ 
tiveness  data.  The  standard  deviation  of  the  individual  jamming  thresholds 
indicates  the  statistical  conAdence  Irvel  of  the  result.  A  common  value  for 
this  statistic  is  about  one  decibel. 

The  S/J  ratios  have  been  measured  at  video  as  a  matter  of  experimental 
convenience.  These  can  be  extended  to  Lf,  where  they  are  more  meaningful, 
by  circuit  measurements.  The  rms  error  In  experimental  results  from  this 
program  has  been  estimated  to  be  less  Chan  one  decibel. 

Obstrvtr  SelecHim  and  Training,  In  laboratory  testing  of  Jamming  effec¬ 
tiveness  it  is  seldom  poMible  to  use  actual  typical  radar  operators  u  ob¬ 
servers.  Thus  the  observers  become  simulated  radar  operators,  and  the 
degree  of  realism  achieved  must  be  considered.  A  minimum  requirement  is 
that  the  results  permit  prediction  of  those  which  would  obtain  if  actual 
radar  operators  were  used.  It  would  be  preferable,  of  course,  if  the  observers 
produced  the  ume  results  u  would  the  radar  operators.  A  series  of  tests 
comparing  these  two  groups  directly  (Reference  13)  Indicates  that  with 
reasonable  care  in  the  selection  and  training  of  observers,  the  desired  simuli- 
tton  condition  can  be  achieved.  Following  are  some  general  recommendations 
on  selection  and  training. 

A  set  of  physical  requirements  (dealing  mainly  with  vision)  and  a  Axed 
upper  age  limit  are  desirable,  since  these  reduce  poor  performances.  While 
consistent  poor  performances  can  perhaps  be  JustiAed  by  the  relative  effective¬ 
ness  argument,  still  they  prc^duce  an  undue  spread  in  data,  and  thus  reduce 
the  degree  of  conAdence  In  the  results. 

A  further  selection  can  be  made  on  the  basis  of  performance  relative  to 
that  of  the  established  group  of  observers.  This  selection  can  readily  be 
combined  with  the  training  procedure.  Training  runs  should  be  made  on  a 
Jamming  source  which  dues  not  involve  any  deception;  DINA  Is  a  good 
choice.  A  candidate  U  then  accepted  as  an  observer  whenever  his  average 
performance  equals  or  exceeds  a  minimum  standard.  This  acceptance  stand- 
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ard  is  set  a  fixed  number  of  decibels  below  the  average  performance  of  the 
observer  group  on  the  same  type  of  jamming.  If  the  candidate  fails  to  meet 
the  acceptance  standard  In  a  given  Axed  number  of  training  runs,  he  sliould 
be  rejected  for  observer  duty. 

A  Anal  remark  on  observer  training  Is  that  as  with  other  skills,  training 
must  be  maintained  If  performance  Is  to  be  consistently  good.  If  the  duties 
are  very  intermittent,  It  may  be  necessary  to  maintain  a  regular  training 
schedule  for  the  accepted  observers. 

InUrprtiaHon  oj  Daia.  Let  us  assume  that  the  results  of  laboratory  jam¬ 
ming  effectiveness  tests  are  in  the  form  of  S/J  ratios  at  the  receiver  1-f 
output  (second  detector  Input),  corresponding  to  a  given  detection  prob¬ 
ability.  But  the  jammer  designer  requires  a  speciAcation  of  the  radiated 
pattern  necessary  for  a  certain  degree  of  Jamming,  given  the  tactical  situa¬ 
tion  and  the  victim’s  characteristics. 

If  we  are  willing  to  assume  that  the  laboratory  tests  achieved  perfect 
simulation,  i.e.,  that  the  results  are  directly  applicable  to  the  Aeld  situation, 
then  the  required  jamming  power  can  be  computed  as  follows,  The  antenna 
Input  ratio  of  signal-to-jamming  per  megacycle  (Sn/Jii/mc)  Is  obtained 
from  the  l-f  output  S/J  ratio  by  multiplying  the  latter  by  the  l-f  bandwidth. 
Then  from  the  free-spaco  propagation  equations,  the  radiated  jamming 
power  required  is 


n  _  _  pT  Or  tr  _ 

(SK/jK/mcl 

where  /V  =  radar  transmitted  power 
Gt  =  radar  antenna  gain 
tf  target  cross  section 
R  rz:  range 

Cj  =r  jamming  antenna  gain  in  the  direction  of  the  radar 

If  the  experimental  methods  are  similar  to  those  described  above,  this 
value  for  Pj  will  be  pessimistically  (from  the  jammer’s  point  of  view)  high. 
This  is  principally  because  in  the  laboratory,  the  observer’s  task  has  lieen 
made  much  simpler  than  is  that  of  n  radar  operator  in  the  Aeld.  The  results 
of  some  tests  performed  at  the  University  of  Michigan  Electronic  Defense 
Group,  give  a  quantitative  example  of  this  eAecl  (Reference  14),  Laboratory 
measurements  were  made,  using  the  same  jamming  source,  for  a  one-dimen¬ 
sional  arrangement  of  possible  target  locations  in  the  Arst  case,  and  for  a 
two-dimensional  arrangement  in  the  second  case.  In  both  cases,  the  targets 
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were  presented  in  one  qu^^drtnt  of  a  PPL  In  the  flrit  case,  there  were  four 
possible  locations  spread  uniformly  In  aisimuth  through  the  quadrant  but 
all  at  the  same  range.  In  the  second  case,  there  were  16  possible  locations, 
at  all  combinations  of  4  tslmuths  and  4  ranges,  spread  uniformly  throu^d^ 
the  quadrant.  It  was  found  that  the  threshold  S/J  ratio  was  about  four 
decibels  higher  for  the  more  difTicult  two-dimensional  arrangement. 

It  is  apparent,  then,  that  accurate  predictions  of  absolute  Jamming  ef¬ 
fectiveness  cannot  be  expected  from  laboratory  tests  alone.  However,  a 
rather  small  amount  of  carefully  obtained  held  test  data  can  serve  as  an 
^'anchoring  point*'  for  a  large  and  detailed  amount  of  laboratory  data,  thus 
extending  the  relative  results  into  absolute  results. 

14.2.4  The  Response  of  m  Typical  Radar  Receiver  to  Various 
Types  of  Jamming 

For  purpose  of  analysis  a  search  radar  receiver  can  be  assumed  to  consist 
essentially  of  a  narrow  bandpass  ampHfler,  a  detector,  and  a  low  pass  ampll- 
her.  This  corresponds  to  the  i-f,  detection,  and  video  stages  of  a  conventional 
receiver.  Most  radar  receivers  employ  the  superheterodyne  principle  wherein 
a  frequency  traiiilatlon  is  performed  on  the  Incoming  wave  for  the  purpose 
oi  reducing  Its  frequency  to  a  more  suitable  value  for  ampliftcation;  however 
this  process  does  not  alter  the  important  characteristics  of  the  target  echo 
and  Jamming  ensemble.  Consequently  it  is  tisually  sufilcient  to  consider  the 
transformations  occurring  between  the  i-f  amplifier  input  and  the  video  ampli- 
fter  output. 

As  a  consequence  of  the  jamming  power  limitation  dlKUssed  In  14.2.1, 
the  Jamming  waveform  will  net,  in  general,  be  of  sufAclent  amplitude  to 
cause  saturation  of  the  receiver  circuits.  Receiver  saturation  does  not  gttar- 
antee  effective  jamming;  on  the  contrary,  limiting,  which  is  n  form  of  satura¬ 
tion,  is  frequently  utilized  as  an  anti-jamming  technique.  (See  14.2.5.)  For 
che  purpose  of  the  present  analysis,  however,  the  receiver  amplifiers  will  be 
assumed  to  be  operating  in  a  linear  region. 

Calculations  Usinj^  Second  Order  Statistics.  By  making  use  of  some  fun¬ 
damental  theorems  cf  probability  and  statistics  It  is  possible  to  calculate 
Input-output  relationships  of  various  elements  in  the  radar  receiver.  In 
general,  analysis  of  the  linear  circuit  elements  Is  more  straightforward; 
however,  techniques  for  handling  nonlinear  elements,  such  as  the  detector, 
have  been  developed. 

The  autocorrelation  function  of  a  voltage  waveform,  v(t),  is  deAned  as 
follows: 
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/?(r)  =H^.  v(t)v(t  +  T)dt 

r-»o6  ^ 

In  many  problem!  of  Intereit  the  Autocorrelation  function  can  be  equivalently 
defined  at: 


R(r) 


f)dvi  dvi 


Vi  and  Vs  are  valuee  of  v(0  at  times  and  ft  respectively,  r  =  fa  —  fi, 
and  Wt  U  the  second  order  probability  density  function  of  v(f).  The 
autocorrelation  function  is  closely  related  to  the  power  spectrum  of  a  wave¬ 
form  by  the  Wiener-Khinchine  Theorem  which  states  that  the  power  spectrum 
is  the  Fourier  transform  of  the  autocorrelation  function. 

For  linear  circuits,  the  autocorrelation  function  of  the  output  can  bs  cal¬ 
culated  using  convolution  integrals.  If  the  circuit  is  described  by  its  impulse 
response  function,  //(f),  then  the  output  correlation  function  is: 


^wn(r) 


IIp(t)R\n(i  +  t)  df 


where  He{$)  is  the  convolution  of  /f(f)  and  //(^f).  This  leads  to  the  input- 
output  spectral  relationship. 


GouiM  =  |Z(«)|»C».(«) 

where  Gout  and  Gm  are  the  output  and  input  power  spectra  respectively,  and 
^(w)  is  the  circuit  transfer  function.  The  reader  is  referred  to  References 
15  and  16  for  extensive  background  material  and  the  proofs  of  these  relation¬ 
ships.  The  latter  ■reference  also  gives  methods  of  handling  nonlinear  elements. 


Receiver  Response  to  DINA  Jamming.  For  a  gaussian  noise  input,  the 
output  of  the  l-f  amplifier  can  be  written  as 

Vo(<)  =  a(f)  cos  wpf  +  li(t)  sin  M 

where  of(f)  and  P(t)  are  independent,  slowly  varying  time  functions  with 
gaussian  properties  having  zero  means  and  standard  deviations  ir,  and  = 
2nf„  with  fc  being  the  i-f  amplIAer  center  frequency.  The  voltage,  Vo(f),  can 
equivalently  be  written  as  follows: 
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v<t(0  (*.<  -  4(0] 


with 


p{t)  =  V«*(0  +  /9*(0  »n<l  4(0  —  l»n  ■>  (/9(0/«(0  ] 

SiRce  s(0  and  /3(0  sre  independent 

=  H',(a)H',(^)  =  (l/2*<r*)  exp  [-(««  +  p*)  /U*\ 

where  Wi  end  Wi  ere  the  firit  and  second  order  probability  density  functions. 

The  output  of  a  linear  (or  envelope)  detector  will  be  ^(0-  The  first  order 
density  function  of  the  output  cen  be  eully  calculated  as  follows:  by  def¬ 
inition, 


but 


Thus, 


a  =  /)  cos  4  and  /9  =  p  sin  4 


1  /■"  f" _  -p*'(cos»  ^  +  sln»  4)  V  , 

T^Jo  h  '’‘P  - 2? - ' 


or 


Therefore. 


_  j(^/,/*)  exp  (-pV2«r*).  f.^0 

"  (0,  s  <  0 


This  is  the  well-known 
output  is 


Rayleigh  distribution.  The  average  value  of  the 
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^>(0  =  =  jo 

The  mean  square  value  of  the  output  ia 

PJJ)  =  f^^p'^lVi(f»)dp  =  «55P  dp  =  2tf* 

The  percentage  of  the  total  video  power  that  is  eaientially  d-c  is 

%  d.c  =  100  [  J(l)  V/pHn  =  100V4  =  78.,19t 

Receiver  Response  to  FM'by^Noise  Jornming,  In  order  to  gain  an  under¬ 
standing  of  how  a  radar  receiver  responds  to  FM-by-nolse  Jamming,  It  will 
be  helpful  to  consider  the  case  of  a  signal  that  is  swept  linearly  through  the 
receiver  passband.  The  i-f  ampllfter  can  be  approximated  by  a  gausslan 
response.  (A  synchronously  tuned  amplifier  approachM  a  gauulan  response 
rapiuiy  as  the  number  of  stages  Increases.)  llius  the  transfer  function  of 
the  ampliher  is 


G(m)  =  Ai  exp  t  *"  (u*  “  «o)V7A*l 


where  /l|  Is  the  gain  at  midband  frequency  utot  and  b  is  related  to  the  usual 
3-db  bandwidth  by  the  relation  b*  =  In  2.  The  linearly  swept  signal 
can  be  written  v<(f)  ^  cos  (5fV2)  where  5  Is  the  sweep  rate.  The  ampli- 
her  output  can  be  calculated  by  multiplying  the  Fourier  transform  of  Vi(0 
and  Cpfw),  then  taking  the  Inverse  transform  of  the  result.  The  envelope  of 
the  output  Vtii)  Is  found  to  be 


AiAn 


exp 


\  / 
)26»|i  +  WWn 


or 


Vu(t) 


f»xn  ""  fii)* 

y'l  4:’?'  ‘  2(l'+W/aS 


where  0  =:  S/b^  nnd  **0  =  wo/S, 


Consider  first  the  case  of  slow  sweep.  If  a  <<  1,  then 
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^  .  -(/  -  <o)*  .  -(<  -  <o)* 

vAt)  -  ArA,  exp  -  =  A  exp 


with  A  =  AiAi.  Thli  cue  for  t  given  bendwidth  and  teveral  (weep  specdi 
li  Illustrated  In  Figure  14-7.  The  receiver  output  Is  a  pulse  of  constant 


ritiUKK  14-7  RnflonM  of  s  rtcelver  to  s  Fiousc  14-(  RsiponM  of  s  rtcotvir  to  s 
IlnMrly  iwtpt  iIsimI  (slow  sweep  ctie)  lliwsrly  swept  signal  (fast  sweep  aia) 


amplitude  whose  width  varies  directly  with  receiver  bandwidth  and  In¬ 
versely  with  sweep  rate.  In  th«  cat  of  fut  sweep  ratu,  t.t.,  a  >>  1, 


AiAa 

■^exp 


-  fo)* 

2/aS 


=  Ab/y/S  exp 


-  fo)’ 

fiVby^ 


Here  the  iltuation  It  quite  different.  As  shown  in  Figure  14-8  the  output 
pulse  amplitude  is  directly  proportional  to  the  receiver  b;indwidth  and  de¬ 
creases  with  increasing  sweep  speed.  The  pulaewidth,  however,  remains  es¬ 
sentially  unchanged  as  the  sweep  speed  changes.  It  depends  only  on  the 
reciprocal  of  the  receiver  bandwidth. 

By  utilising  the  foregoing  considerations  the  response  of  a  receiver  to 
FM-by-noiiie  can  be  explained.  Assuming  a  barrage  width  that  is  large  com¬ 
pared  to  the  receiver  bandwidth,  the  sweep  speed  during  any  particular 
transit  of  the  receiver  passband  by  the  randomly  sweeping  Jamming  will 
depend,  essentially,  on  Jamming  barrage  width  and  the  spectral  composition 
of  the  modulating  noise.  If  the  noise  spectrum  has  a  sufficiently  low  upper 
cutoff  frequency  (FM-by-LF  noise),  the  receiver  output  will  consiit  of  a 
series  of  Impulses  of  random  amplitude  and  random  structure.  As  the  modu¬ 
lating  noise  frequency  is  increased  (FM-by-WB  noise),  the  random  impulses 
will  begin  to  overlap  since  the  pulsewidth  depends  only  on  the  receiver  band¬ 
width.  As  a  direct  consequence  of  the  Central  Limit  Theorem  of  probability 
theory  the  statistics  of  the  noise  so  produced  at  the  i-f  ampllAer  will  be  es¬ 
sentially  gausslan. 

Because  of  the  gausslan  prof>erties  of  the  Jamming  waveform  that  is  pro¬ 
duced  in  the  receiver  by  FM-by-WB  noise,  calculations  of  the  a-c  and  d-c 
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power  output  arc  identical  to  thoee  given  for  DINA.  In  order  to  meet  the 
requirementa  for  producing  jamming  that  i«  equivalent  to  DINA,  the  follow¬ 
ing  Inequality  muit  be  MtUAed: 


/a  <  /»  <  h 

idiere  /«  ii  the  receiver  bandwidth,  hr  ii  the  average  noise  bandwidth,  and 
fj  is  the  jamming  barrage  width.  T^lcal  numerical  values  for  these  qualities 
are  =  1  me,  /jr  =  5  me,  //  =  300  me. 

The  receiver  output  power  for  FM-by-LF  noise  jamming  can  be  calculated 
to  good  approximation  using  the  quasi  steady  state  method  of  analysts.  The 
receiver  is  assumed  to  have  a  gausslan  frequency  response,  thus 

,  .  .  ”3  In  3(m  -“tuo)* 

=  Ai  exp - — I - 2^ 

where  /9  is  the  usual  3-db  bandwidth  and  win  =  3<r/o,  /o  being  the  receiver 
center  frequency.  The  input  voltaitie  is 

v,(t)  =  Ao  coe  Uft  +  /  df'] 

where  is  the  carrier  frequency  and  x(t)  is  a  function  of  the  modulating 
noise  which  has  gaaeslan  statistics.  For  alow  sweeps,  we  auume  that  x(0  is 
a  constant  function  of  time.  For  the  case  where  m,  and  wo  coincide,  i.e.  the 
jammer  Is  tuned  to  the  receiver  center  frequency,  the  detector  output  is  ap¬ 
proximately 


v,(<)  =  AoAi  exp 


~2  In  2x* 


Using  the  gausslsn  properties  of  x(0i  ws  can  calculate  the  average  and  mean 
square  value  of  the  output  u  (oiiows; 


v„(r) 

MO 


AoAx  r* 

Ao*At* 


exp 


-2  In  2a,» 
- j3— exp- 


2ir> 


■dx 


2wa  i  ~  to 


exp- 


-4  In  2x» 

•r— 


AoAi 

4<f*  In  2  -f  13^' 


Note:  tr  is  i'Ae  rms  frequency  of  the  Jimming  weveform. 

The  percentage  of  total  power  contained  in  the  d-c  component  of  the  out¬ 
put  U 
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JL 


fora  >>  P 


For  typical  values  of  bandwidth  p  and  deviation  a  this  Indicates  that  the 
majority  of  the  video  Jamming  power  is  contained  in  the  a-c  component.  This 
superiority  of  FM-by-LF  noUe  over  FM-by*WB  noise  or  DINA  In  produc¬ 
ing  effective  Jamming  power  at  video  hu  been  verified  experimentally; 
however,  as  was  suggested  in  14.3.2  and  as  will  be  discuss^  further  in 
14.2.5,  there  eiJst  counter<ountermeasures  that  alter  this  observed  superior¬ 
ity  considerably. 

In  the  previous  analysis  of  FM-by-nolse  Jamming  the  Jammer  center  fre¬ 
quency  and  the  receiver  band  center  were  assumed  to  coincide.  For  success¬ 
ful  barrage  Jamming  St  is  necessary  that  the  Jamming  be  uniformly  effective 
throughout  the  barrage  width. 

The  Arst  consideration  Is  the  production  of  uniform  Jamming  power  across 
the  barrage.  Since  the  voltage  amplitude  distribution  of  the  modulating 
noise  determines  the  characteristics  of  the  frequency  excursions  of  the  jam¬ 
ming  signal,  this  parameter  also  determines  the  actual  power-frequency  spec¬ 
trum  of  the  Jamming  barrage.  If  the  modulating  noise  has  gauseian  statistics 
the  resulting  power  spectrum  will  have  the  characteristic  bell-like  shape  of 
the  gaussian  function.  In  order  to  produce  a  uniform  power  spectrum  it  Is 
necessary  to  alter  the  voltage  amplitude  distribution  of  the  modulating  noise 
before  it  Is  used  to  modulate  the  carrier.  Middleton  has  shown  that  the 
necessary  transformation  U  the  error  function  (Reference  5). 

Starting  with  the  modulating  voltage  x(i)  it  Is  desired  to  And  a  transfor¬ 
mation  i  such  that  y(0  =  g  [x(f)l  hu  a  Arst  order  probability  density 
IVi(y)  that  if  constant  over  the  interval  from  y  sr  — a  to  y  =  In 
order  to  satisfy  the  requirement  that 


IVi(y)  dy  zz  1 


WAy) 


tot  —a  <  y  <  a 
for  I  y  I  >  0 


_Lr 

2a 


dy 


dx 


Now 
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Thus  the  desired  transformation  f,  is  the  error  function.  By  symmetry  It  is 
seen  to  hold  for  the  region  y  <  0  and  x  <  0.  A  device  that  approximates  the 
error  function  (called  an  ^'erfer”)  has  been  constructed  and  successfully 
used  to  produce  a  uniform  Jamming  barrsge  (Reference  17). 

Another  consideration  affecting  the  uniformity  of  Jamming  effectiveness  in 
the  barrage  is  the  time  structure  of  the  Jamming  waveform.  This  will  depend 
on  the  distribution  of  traversals  of  tht  receiver  pc.jband,  or  equivalently 
the  distribution  of  level  crossings  at  various  amplitudes  of  the  modulating 
noise.  '*Erfed"  noise  does  not  produce  uniform  level  croselngs  throughout  the 
barrage,  but  tends  to  fall  off  near  the  ends.  If  the  modulating  noise  bandwidth 
sufficiently  exceeds  the  receiver  bandwidth  there  will  still  be  sufficient  cross- 
ings  to  produce  gausslan  noise  at  the  receiver  i-f  output.  Modulator  design 
limitations  may  preclude  the  use  of  an  “erfer^'  noise  modulation  having 
sufficient  bandwidth  to  produce  an  adequate  radar  receiver  traversal  rate 
near  the  ends  of  the  barrage,  particularly  when  the  victim  receiver  employs 
a  very  wideband  DIcke  Fix.  An  alternative  modulation  consisting  of  the 
sum  of  a  high-frequency  periodic  wave  and  noise  may  be  used  to  prxiuce 
a  Jamming  barrage  having  a  relatively  uniform  power  spectrum  and  receiver 
traversal  rate  throughout  the  entire  barrage  width  (Reference  5). 

14.2.S  The  Influence  of  Antt-Jemmlng  Techniques  on  Jamming 
EilecUvenesa 

In  the  find  assessment  of  the  effectivencis  of  a  particular  Jamming  modula¬ 
tion  against  a  search  radar  system,  It  Is  necessary  to  concede  that  the  victim 
radar  possesses  and  maUes  efficient  use  of  any  appropriate  anti-jamming 
(A-J)  techniques.  It  is  conceivable  that  a  jamming  technique  that  appears 
to  be  quite  effective  against  a  conventional  radar  may  be  rendered  useless 
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by  the  utilUitlon  of  t  simple  A«J  device.  Coneequently,  it  i»  of  Interest  to 
rriew  lome  of  the  existing  end  propotod  A-J  techniques.  For  e  more  com¬ 
plete  listing,  the  reader  is  referred  to  Reference  IS, 

The  ultimate  goal  in  radar  design  is  to  produce  equipment  that  tAW  con¬ 
tinue  to  perform  Its  specified  function  regardless  of  the  prevailing  Jamming 
environment.  Because  of  physical  considerations,  absolute  Invulnerability 
can  not,  In  general,  be  achieved.  However,  insofar  at  is  practicable,  such 
A-J  devices  as  are  required  to  optimise  radar  performance  in  the  expected 
jamming  environment  should  be  provided.  Thm  A-J  features  may  take  the 
form  of  ( 1 )  devices  that  give  the  radar  maximum  probability  of  detecting  a 
Jammer  carrying  target,  or  (2)  devices  that  prevent  the  ra^r  being  satur¬ 
ated  or  overloaded  with  false  alarms  so  that,  except  for  detecting  the  Jammer 
carrying  target,  the  radar  can  continue  to  function  effectively.  The  latter 
class  of  devices  aie  generally  referred  to  as  Constant  False  Alarm  Rate 
(CFAR)  techniques. 

An  A-J  technique  may  consist  of  a  relatively  simple  alteration  or  addition 
to  an  existing  radar  or  it  may  result  in  an  entirely  new  radar  system  design. 
Many  of  the  useful  A-J  devices  are  installed  in  a  radar  system  In  a  manner 
such  that  they  may  be  selected  for  use  at  the  discretion  of  the  operator. 
This  gives  the  radar  system  the  flexibility  to  allow  adjustment  for  optimum 
performance  according  to  the  existing  Jamming  situation. 

A^J  Techniques  RetaUd  to  Fr^qucnc)^  CharacUristics,  Search  radar 
frequency  agility,  the  importsmee  of  which  was  emphasised  in  14.2.1, 
may  be  considered  as  an  A-J  technique.  Frequency  agility  may  consist 
simply  of  the  capability  of  fast  mechanical  tuning  or,  in  the  ultimate 
form,  e  capability  of  changing  frequency  on  a  pu!se-to-pulse  basis.  A  related 
technique,  called  frequency  diversity,  consists  of  choosing  the  frequeiKies  of 
the  individual  radars  In  a  radar  network  so  that  they  are  distributed 
throughout  the  entire  spectrum  of  frequencies  that  are  suitable  for  search 
radars.  The  combination  of  frequency  diversity  with  frequency  agility  causes 
madmum  spreading  of  the  available  Jamming  energy  necessitating  the  dilu- 
tioi  of  a  jamming  effort  In  order  to  cover  the  search  radar  frequency  band. 

Another  counter-countermeasure  (CCM)  related  to  the  radar’s  frequency 
characteristics  Is  called  diplexing.  It  censists  of  using  two  transmitters  which 
transmit  pulses  that  are  separated  in  frequency  and  time  using  the  same 
antenna.  The  returns  are  separated  using  two  frequency  selective  channels 
and  the  signal  in  the  channel  which  contains  the  leading  pulse  Is  delayed 
such  that  the  echoes  now  coincide  in  time.  (Note:  In  some  installations,  time 
separation  and  subsequent  delay  are  not  utilised.)  Video  data  from  the  two 
channels  are  fed  into  a  two  input  coincidence  gate,  whose  output  is  always  the 
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minimum  of  ltd  Input*.  Thui  Um  radar  is  impervious  to  Jamming  that  coven 
only  one  of  the  two  transmitter  frequencies.  The  obvious  counter-counter- 
cnunteiTiitasure  (CCCM)  against  diplexlng,  u  well  as  against  frequency 
diversity  and  frequency  agility,  is  the  simultaneoiu  Jamming  of  all  radar 
frequency  bands  in  whid  activity  Is  detected. 


A-1  Ttckntquei  and  PM-by-Noitt  Jammint.  The  desirability  of  using 
frequency  modulation  Jamming  is  a  direct  result  of  the  fact  that  electron¬ 
ically  tunable  microwave  power  generators  readily  provide  a  broadband 
Jamming  source  that  can  be  rapidly  tuned  to  the  frequtmcy  range  of  interHt. 
The  mechanism  by  which  an  FM  source  produces  Jamming  power  in  what 
Is  essentially  an  AM  receiver  wu  dlKUS^  in  14.2.4.  One  A-J  technique 
attempts  to  reduce  the  effectiveness  o!  FM  Jamming  by  effectively  reducing 
the  response  of  the  radar  receiver  when  the  Jammer  sweeps  through  the 
receiver  passband.  Other  A-J  Khemes  operate  on  the  time  structure  of  the 
Jamming  waveform  and  seek  to  discriminate  in  favor  of  the  target  returns. 

Devices  that  make  use  of  the  former  technique  are  variously  referred  to 
u  FM  Jamming  blankers,  guard  band  receivers,  or  "rabbit  traps'*.  One 
realisation  of  such  a  device  is  shown  In  a  ilmplIAed  block  diagram  in  Figure 
14-9.  The  response  of  the  wideband  amplifier  is  fed  to  two  paths,  (1) 


t 


m  mbirnttim  mmtm 


Fiouut  14*9  Block  dliirtm  of  itn  FM  Jamming  blanker 


through  A  RArrow*bAnd  notch  Alter  cenUrtd  At  the  i-f  frequAncy  And  then 
through  A  detector  And  AmpUfter,  (ultimAtely  the  video  pulae  ii  applied  to 
the  gAted  i^f  Ampllfter);  And  (2)  through  a  deUy  line  And  thence  to  the 
Input  of  the  gated  1*(  ampliAer.  The  delay  (a  adjusted  so  that  the  characterla- 
tic  delay  of  the  circuitry  in  the  other  path  l«  balanced;  and  the  Nf  algnal 
and  the  video  gating  pulse  arrive  at  the  gated  amplIAsr  limultarteously. 
Thus  the  gated  I-f  amplifier  cuts  off  the  receiver  when  a  jamming  sl|;nal 
sweeps  through  the  receiver  passband.  The  notched  Alter  rejects  the  narrow* 
band  targe:  return  thus  preventing  operation  of  the  gating  circuit  by  a  desired 
signal;  therefore  the  target  echo  will  negotiate  the  recelvei  and  be  displayed 
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except  when  it  occurs  simultiinecusly  w^th  xn  impulse  produced  by  the  Jim- 
mer.  This  technique  Is  quite  effective  iftainst  FM-by-LF  noise.  Its  effective¬ 
ness  decreasee  as  the  modulating  noise  upper  cutoif  frequency  is  Increased. 
When  the  condition  for  overlapping  impulses  at  the  wideband  ampliher  out¬ 
put  is  reached  the  device  is  gated  off  almost  constantlyi  and  consequently  is 
no  longer  effective. 

Another  A-J  devicei  which  has  found  wide  application  as  a  search  radar 
CCM  technique,  is  known  as  the  Dicke  Fix.  This  device  consists  essentially 
of  a  wideband  i'f  amplifter  that  is  inserted  in  a  conventional  radar  receiver 
between  the  mixer  and  normal  !-f  amplifter  as  shown  in  Figure  14-10.  The 

p _ I  I _ I  action  of  the  Dicke  Fix  against  FM- 

•SSSH  Slir  H  rHSSsJl^^  by-nolse  Jamming  can  be  qualitatively 

I - 1  Lj=j  described  u  follows:  TIw  ImpuUive 

Fwure  u-io  Th*  Dtck«  FU  responses  of  the  wideband  l-f  ampli¬ 
fier  to  the  FM  Januning  have  a  large  amplitude  with  respect  to  the  target  echo. 
The  i*f  limiter  limits  the  jar.imJng  pulses  to  a  level  commensurate  with  the 
echo.  These  clipped  jamming  pulses  are  spread  over  i  broad  spectrum,  so 
that  after  the  narrow  i-f  filtering  they  are  small  compared  to  the  echo.  Also, 
the  target  returns  are  coherent  on  successive  radar  sweeps  wheregs  the  ran¬ 
dom  pulses  are  not;  therefore  the  target  pulses  add  constructively  during  the 
Integration  produced  by  the  display  and  thereby  can  be  seen  above  the  non¬ 
coherent  Jamming  pulses.  The  Dicke  Fix  is  quite  effective  against  FM-by- 
LF  noise,  but  like  the  FM  blanker  decreases  In  effectiveness  as  the  modulat¬ 
ing  noise  upper  cutoff  frequency  Is  increased.  Higher  modulating  noise 
frequencies  are  required  to  produce  overlapping  impulses  (end  consequently 
gausdan  noise)  In  the  case  of  the  Dicke  Fix  u  compared  to  normal  receiver 
because  of  the  narrower  impulse  response  with  the  wideband  i-f  amplifter. 
The  use  of  multiple  independent  FM-by-nolse  Jammers  produces  an  effect 
similar  to  that  of  Increasing  the  modulating  nolM  bandwidth  of  a  single 
Jammer,  in  that  the  average  number  of  traversals  of  the  victim  receiver  is  in¬ 
creased  in  both  cases,  In  addition  to  its  usefulness  against  FM-by-LF  noise, 
the  Dicke  Fix  Is  alto  quite  effective  against  other  types  of  interference  which 
have  a  characteristic  pulse-like  time  structure.  An  extensive  account  of  both 
the  theoretical  and  experimental  studies  of  the  Dicke  Fix  and  other  Im¬ 
portant  A-J  techniques  is  contained  in  Reference  19. 


Constant  Fatso  Alarm  Rate  (CPAR)  Techniques*  The  CFAR  devices 
have  been  developed  to  prevent  overloading  or  uturatlon  by  false  alarms 
caused  by  a  strong  Jammer.  Tills  Is  espocf.^lly  necessary  in  the  case  of  an 
automatic  detector  where  a  target  is  reported  whenever  a  preselected  thresh¬ 
old  level  Is  exceeded.  The  CFAR  device  causes  the  radar  to  respond  to  a 
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signal  to  noise  ratio  instead  of  an  absolute  signal  level  above  a  fixed 
threshold. 

One  group  of  CFAR  devices  operates  on  the  principle  of  automatically 
adjusting  the  receiver  gain  to  maintain  a  constant  output.  The  gain  control 
time  constant  must  be  long  compared  to  the  target  pulsewidth;  consequently 
this  technique  is  most  effective  against  Jamming  that  produces  long  pulses 
ill  the  radar  receiver. 

A  more  effective  method  of  achieving  CFAR  performance  results  from  the 
use  of  the  sero-crossing  statistics  of  the  signal  and  noise.  The  Dicke  Fix  cir¬ 
cuitry  can  be  used  along  these  lines  and  as  such  is  called  Dicke  Fix  CFAR. 
For  CFAR  operation  the  limit  level  of  the  i-f  limiter  is  set  at  a  level  that  is 
well  down  into  the  receiver  noise.  Thus  any  increase  in  the  receiver  Input 
does  not  effect  the  output.  The  limiting  does  not  destroy  the  sero-crossIng 
information;  consequently  a  large  signal  to  noise  ratio  will  result  In  a 
detectable  target.  As  the  signal  to  noise  ratio  decreases,  the  target  sero- 
crossing  information  becomes  submerged  in  the  noise,  resulting  in  the  dis¬ 
appearance  of  the  target  indication.  By  a  fortuitous  combination  of  circum¬ 
stances,  noise  alone  can  produce  a  false  target  Indication;  however,  by  the 
proper  adjustment  of  receiver  parameters,  the  false  alarm  rate  can  be  main¬ 
tained  at  a  constant  and  predictably  low  level. 

Combined  Passive-AcHve  DetrcHon  Syttems.  In  the  event  that  a  radar 
is  successfully  jammed  in  range  but  still  retains  the  capability  of  passively 
determining  target  asimuth,  there  exists  the  possibility  of  utilising  similar 
Information  from  radars  at  other  geographical  locations  to  fix  the  target  loca¬ 
tion  by  triangulation.  The  principal  difficulty  encountered  with  such  a  system 
occurs  in  a  multiple  Jammer  environment.  In  this  case  an  intersection  of 
asimuth  strobes  may  or  may  not  correspond  to  an  actua!  target  depending 
on  whether  or  not  the  strobes  in  question  were  generated  by  the  same 
Jamming  source.  Several  systems,  which  utilise  correlation  techniques  to 
eliminate  ghost  intersections,  have  l>een  pro{K)sed  and  are  under  development 
(Reference  20). 

Successful  jamming  of  passive-active  systems  that  utilise  correlation  tech¬ 
niques  presents  a  difficult  problem,  principally  because  a  correlation  device 
performs  best  against  n  random  signal.  Several  methods  of  Jamming  (not 
without  considernble  practical  difficulties)  have  t>een  suggested  (Reference 
21).  Fur  example,  transmitting  uncorrelated  Jamming  signals  on  different 
asimuth  from  the  jamming  vehicle  would  apjiear  to  be  effective  from  theo¬ 
retical  considerations;  however  It  is  difficult  to  avoid  having  sufficient  power 
radiated  from  the  back  of  the  Jammer  antennas  to  allow  successful  operation 
of  the  correlators.  Another  CCCM,  which  consists  of  transmitting  correlated 
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nolle  Jamming  from  widely  separated  lources,  is  complicated  by  the  difficulty 
of  maintainin  correlation  between  two  high  frequency  random  noise  sources. 

New  Concepts  in  Search  Radar  Design,  During  recent  years  search  radar 
systems  have  been  proposed  (several  are  in  varying  stages  of  development) 
that  differ  somewhat  radically  from  the  conventional  rectangular  pulse  radars. 
The  principal  difference  exists  in  the  characteristics  of  the  transmitted  signal. 
Rectangular  pulses  have  found  wide  usage  in  radar  because  of  the  obvious 
ease  with  which  range  resolution  can  be  obtained  and  also  because  of  the 
predominance  of  microwave  power  sources  with  high  peak  power  but  low 
average  power  capability.  The  advent  of  microwave  sources^  traveling  wave 
tubes^  that  operate  most  efficiently  when  the  difference  between  the  peak 
and  average  power  is  mlnimizedi  has  caused  attention  to  be  focused  on  the 
problem  of  achieving  the  benefits  of  more  or  less  continuous  wave  transmis¬ 
sion  without  loss  of  range  resolution. 

Essentially  thU  problem  is  solved  by  transmitting  a  relatively  complicated 
wiveiorm,  then  comparing  the  echo  returns  to  a  stored  replica  of  the  trans¬ 
mitted  wave  to  establish  the  epochs  of  the  various  echo  producing  targets. 
The  details  of  several  systems  are  contained  in  References  22|  23,  and  24. 
While  It  is  not  claimed  that  these  systems  will  be  Jam-proof,  it  is  true  that 
an  entirely  different  Jamming  philosophy  (as  compared  to  conventional 
search  radar  Jamming)  may  be  required  In  order  to  achieve  optimum  Jam¬ 
ming  effectiveness. 

14.2.6  Some  Typical  Reeulu 

The  following  Jamming  effectiveness  results  of  the  Johns  Hopkins  program 
are  excerpts  from  Reference  12.  They  describe  the  performance  of  important 
barrage  Jamming  sources  against  a  typical  search  radar  which  Is  unprotected 
by  KCCM  Detailed  coverage  of  the  test  conditions  will  not  be  attempted 
here. 

The  victim  radar  Is  the  AN/FPS-J,  The  exjicrlmental  method  gcnrritlly 
follows  the  recommendationj  of  Section  14.2.3.  I'he  units  of  the  KPS-J 
which  are  either  used  or  simulated  in  the  program  are  operated  with  normal 
parameter  values  for  that  radar. 

The  curves  of  Figure  14-11  result  from  circuit  measurements  on  the 
FPS-3  norma,  receiver,  and  udete  S/J  ratios  at  video  output  (CRT  grid)  to 
those  at  1-f  output  (second  .!e^ector  Input)  for  seveisl  important  barrage 
Jamming  sources.  I1ie  dots  on  the  cuives  are  typical  values  for  the  mean 
Jamming  threshold,  (S/J)bo%*  The  S/J  ir.lios  corresponding  to  detection 
piobabiiities  other  than  S0%  may  be  IcKated  on  these  curves  by  use  of 
Figure  14-12,  which  is  the  approximate  Jamming  curve  for  the  ‘^average" 
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observer.  The  curves  and  dots  of  Figure  U-11  are  representative  of  the  Jam« 
ming  sources  listed^  with  the  following  rntrictions  on  the  Jamming  para¬ 
meters: 

DINA  .  barrage  width  must  be  several  times  greater  than  victim 
receiver  bandwidth.  Clipping  of  the  DINA  does  not  change 
its  effectiveness. 

FM/LFN  Upper  cutoff  frequency  of  modulating  noise  must  be  lelow 
SO  Kc.  Deviation  must  be  several  times  greater  than  victim 
receiver  bandwidth. 

FM/WBN  ,  Upper  cutoff  frequency  of  modulating  noise  must  be  above 
500  Kc.  Deviation  must  be  several  times  greater  than  vic¬ 
tim  receiver  bandwidth. 

RPB  Sources  Pulse  recurrence  period  =  80  /is  ±  30% 

Pulse  duration  =  4  ^  ±: 

Ratio  of  pulse  peak  to  background  (voltage)  =  4  33% 

(±  term  Is  the  peak  random  variation  from  the  nominal 
value.) 

For  the  FM  sources,  the  Jamming  effectiveness  Is  not  changed  by  using 
‘‘rrfed  modulating  noise  to  ‘‘whiten’’  the  Jamming  spectrum,  as  suggested 
In  14.7.4. 

Within  the  above  restrictions,  the  Jamming  effectiven«ii  of  these  sources 
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is  conitant  ov<?r  wids  rsnget  of  such  psrsmetsrs  sa  devistion^  upper  snd 
lowsr  cutoff  frsquenciff  of  moduUtinf  noissi  location  of  the  victim  in  the 
barrtfe,  etc.  The  pulse  parameters  given  are  those  used  in  limited  testing  of 
RP2  Jamminf ;  Umiting  values  are  not  knom. 

From  Figure  14*11  it  is  seen  that  the  pulse*like  sources  are  10  to  12 
decibels  more  effective  than  the  continuous  sources.  Nevertheless,  FM-by-LF 
noise  is  of  questionable  value,  since  Its  intermittent  time  structure  makes 
ECCM  quite  easy.  The  pulsed  sources  offer  high  Jamming  effectiveness  with¬ 
out  being  appreciably  easier  to  counter  than  are  their  unpulsed  counterparts. 
For  example,  with  the  pulse  parameters  listed,  about  half  of  the  average 
Jamming  power  is  in  the  pulses,  and  the  other  half  is  in  the  l>ackground  Jam¬ 
ming  between  pulses.  So  even  if  the  effect  of  the  pulses  were  completely 
nullified  by  ECCM,  the  loss  due  to  investing  Jamming  power  in  these  pulses 
would  be  only  3  db.  Against  this  we  have  a  10  to  12  db  gain  in  Jamming 
effectiveness  If  no  ECCM  is  used. 

It  is  noteworthy  in  Figure  14-11  that  the  variation  in  (S/J)ao%ls  much 
greater  at  i-f  than  at  video.  This  indicates  that  there  are  greater  differences 
in  circuit  effects  (Section  14.2.4)  than  In  psychophysical  effects. 

14«S  Tito  Tracking  Radar  Jaennlng  Problem 

14.8.2  Statement  of  the  Problem 

The  term  ‘‘Tracking  Radar"  as  used  here  includes  uveral  different  types 
of  radar,  all  of  which  have  as  their  primary  function  to  automatlrally 
supply  position  data  on  one  or  more  selected  targets  for  weapon  control 
purposes.  In  most  applications  the  coordinates  supplied  by  the  radar  are 
aximuth,  elevation  and  slant  range,  although  in  some  cases  radial  velocity 
may  be  measured  instead  of,  or  lu  addition  to,  range. 

Angle  data  Is  usually  determined  by  using  servo  loops  to  keep  the  radar 
antenna  pattern  centered  on  a  Mlect^  target  In  which  case  only  a  single 
target  can  be  tracked  by  each  radar.  In  some  more  recent  types  multiple 
target  capability  and/or  ability  to  continue  searching  while  tracking  are 
achieved  by  using  a  multiple  beam  antenna  pattern  or  by  time  sharing  a 
single  beam.  While  this  discussion  will  be  concerned  primarily  with  the  single 
target  clau,  many  of  the  comments  are  applicable  also  to  the  multiple  target 
clau. 

Range  information,  when  desired,  is  obtained  u  in  search  radars  by 
measuring  the  time  dJay  of  the  target  echo,  so  pulsed  radar  Is  uiM'd  when 
precise  target  range  Is  required. 

Target  velocity  information  can  be  obtained  from  the  lime  derivatives  of 
the  above  coordinates,  but  if  only  the  radial  component  of  velocity  is  re- 
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quired  it  often  obulned  directly  from  the  doppler  shift  of  the  echo  signal 
relative  to  the  transmitted  signal. 

An  important  part  of  the  tracking  process  is  the  necessity  of  diKrtminating 
against  radar  returns  from  targets  other  than  the  selKted  ones.  Discrimina¬ 
tion  in  angle  is  accomplished  by  the  antenna  pattern  and  in  range  by  time 
selection  or  gating  of  the  received  signals.  In  the  case  of  doppler  radars 
target  signal  selection  Is  achieved  on  the  basis  of  radial  velocity.  This  inter¬ 
dependence  between  tracking  channels  may,  under  certain  circumBtances, 
become  an  important  factor  in  ECM  consideratlona. 

The  object  of  ECM  against  radars  is  of  course  to  degrade  the  target  posi¬ 
tion  data  supplied  to  a  weapon  by  an  enemy  radar  to  the  extent  that  the 
probability  of  success  of  the  weapon  is  at  least  decreased  (Reference  25). 
The  application  of  a  tracking  ra^r,  particularly  the  type  of  weapon  it  is 
controlling,  will  strongly  Influence  the  relative  importarice  of  the  various 
tracking  channels  (l.e.  angle,  range  and/or  radial  velocity)  and  will  also  be 
the  most  importani  factor  in  determining  the  extent  to  which  the  tracking 
data  must  be  degraded  for  the  ECM  to  be  considered  successful.  A  thorough 
treatment  of  this  upect  of  the  problem  will  not  be  attempted  here  but  some 
of  the  more  obvious  points  will  be  mentioned  briefly. 

If  a  radar  is  to  supply  target  position  data  for  aiming  of  guns  or  rocket 
launchers  or  for  command  guidance  of  a  missile,  a  higher  degree  of  accuracy 
is  required  than  If  the  data  ii  used  only  for  steering  a  missile  to  the  vicinity 
of  a  selected  target  to  allow  a  homing  radar  to  lock  onto  the  target.  Similarly, 
a  given  angular  error  would  have  a  much  more  serious  effect  on  the  radar 
supplying  command  guidance  Information  than  It  ^  ould  on  the  homing  radar, 
since  the  Utter  is  much  closer  to  the  target  and  the  range  is  constantly  de¬ 
creasing.  It  is  also  important  to  note  that  In  some  cases,  for  instance  in  a 
homing  device  using  proporiional  narigation,  angle  rate  information  deter¬ 
mines  the  steering  commands  rather  than  angle  Information  itself. 

Another  important  factor  which  depends  upon  the  type  and  application  of 
tho  victim  radar  is  the  extent  to  which  an  operator  can  assist  or  take  control 
or  the  target  tracking  and  the  time  required  for  reacqulsltion  of  a  target  If 
lock-on  Is  broken.  This  will  be  an  important  consideration  in  determining  the 
effectiveness  of  deception  jamming  and  of  Intermittent  noise  jamming. 

Fur  example  in  the  case  of  a  ground-based  tracking  radar  an  operator  can 
give  his  full  attention  to  monitoring  the  range  tracking  function  and,  If 
necessary  to  reject  intermittent  or  deceptive  jamming,  can  assume  full  con¬ 
trol  of  the  range  gate.  At  the  other  extreme  in  this  respect  i^  the  airborne 
interreptor  radar  which  is  operated  by  the  pilot  who  must  monitor  the 
other  tracking  channels  as  well  as  operate  any  A-J  devices  and  control  the 
aircraft. 

The  tactical  situation  in  which  the  Jammer  is  used  will  also  influence  the 
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effectiveness  of  certain  types  of  Jamming  signals  insofar  as  It  will  determine 
the  characteristics  of  the  radars  to  be  encountered.  If  violent  maneuvers  are 
to  be  expected,  the  tracking  circuits  of  the  radar  must  have  much  faster 
response  capabilities  and  hence  the  time  required  to  introduce  an  appreciable 
error  will  be  greatly  reduced. 

As  in  the  case  of  March  radars,  Jamming  of  tracking  radars  can  be  roughly 
divided  into  two  groups,  obscuration  and  deception,  depending  on  the  in¬ 
tended  effect  on  the  victim  radar,  although  in  the  caM  of  tracking  radars 
there  is  perhaps  more  overlapping  of  the  two  groups. 

The  desired  effect  of  obscuration  is  to  completely  destroy,  or  at  least  in¬ 
crease  the  uncertainty  of,  target  position  (teta  while  deception  Jamming 
causes  the  radar  to  supply  possibly  smooth  but  erroneous  target  range,  angle 
and/or  velocity  data.  SpeciAc  examples  of  these  two  types  of  Jamming 
depend  upon  the  tracking  channel  to  be  Jammed  and  the  type  cf  radar. 

In  general  deception  Jamming  requires  much  less  average  pr'wer  than  does 
obscuration,  but  necessitates  a  more  detailed  knowledge  of  the  parameters 
of  the  victim  r^dar  and  usually  requires  more  nearly  continuous  reception 
of  the  victim  radar’s  transmitted  signal.  The  last  requirement  gives  riM  to 
fairly  severe  look-thro  jgh  and  antenna  isolation  problems.  The  difficulty  of 
achieving  multiple  radar  Jamming  capability  Is  perhaps  the  principal  weak¬ 
ness  of  this  type  of  Jamming. 

14.S.2  Influence  of  Tracking  Type  on  Jamming  Signals 
14.Si2.1  Range  Trackers 

The  effecllveness  of  Jamming  signals  against  range  trackers  is  quite  Im¬ 
portant  since  the  rnults  are  applicable  to  nearly  all  pulse  tracking  systems, 
Including  those  that  use  monopulse  techniques  for  angle  tricking  as  well  as 
some  track *whlle-scan  systems.  It  Is  InterMting  to  note  that  when  monopulse 
or  certain  types  of  conical-scan  angle  tracking  are  used,  the  range  tracking 
loop  is  probably  the  most  vulnerable  part  of  the  system. 

The  operation  of  a  split-gate  range  tracker  can  be  briefly  described  as 
follows:  As  shown  in  Figure  14-13,  two  adjoining  gate  pulses,  each  having  a 
time  duration  approximuitfly  equal  to  that  of  the  radar  pulse,  are  generated 
within  the  radar.  The  time  delay  of  the  pair  of  gate  pulses,  relative  to  the 
transmitted  pulse,  is  mndo  to  correspond  roughly  with  that  of  the  desired 
target  pulse,  either  manually  or  by  an  automatic  March  circuit. 

The  gating  pulses  are  used  separately  to  gate  the  receiver  video  signal,  and 
the  integrated  signal  contents  of  the  two  gates  are  then  compared.  An  error 
voltage  is  developed  which  is  proportional  to  the  difference  in  signnl  content. 
This  error  voltage  Is  used  to  adjust  the  position  of  the  pair  of  gates  until 
their  signal  contents  are  equal.  The  error  voltage  Is  Integrated  once  or  twice 
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before  it  is  used  to  adjust  the  delay  of  tlie  gate  pulses.  The  characUriitics 
of  this  integrating  circuit  are  one  of  the  primary  factors  in  determinlni  the 
speed  of  response  of  the  tracking  circuits  to  target  motion  and  to  a  jamming 
signal. 

Tracking  loops  which  have  a  single  Integration  in  the  feedback  path  are 
referred  to  as  velocity  coupled  since  the  error»  being  integrated  once  to  give 
a  position  correction,  corresponds  to  the  velocity  of  the  gates.  If  no  error 
is  detected  the  velocity  goes  to  sero  and  the  position  of  the  gates  remains 
constant.  If  two  integrations  are  performed  on  the  error  to  obtain  the  cor^ 
rection  voltage,  the  loop  is  said  to  be  acceleration  coupled.  If  the  error  volt¬ 
age  is  zero,  the  acceleration  of  the  gate  position  is  aero  and  the  velocity 
remains  constant. 

In  a  completely  automatic  tracking  system  the  integrating  time  constants 
are  limited  by  the  required  dynamic  capabilities  of  the  system,  so  that  in 
effect  the  maximum  “position  memory"  or  “velocity  memory"  of  the  system 
is  limited.  It  is  obvious  though  that  both  of  these  features,  pariicularly  the 
latter,  are  of  considerable  value  to  the  tracking  system  when  subjected  to 
intermittent  Jamming  which  will  obscure  the  target  for  short  lengths  of  time. 

If,  for  any  reason,  the  target  pulse  and  range  gates  move  far  enough  apart 
so  that  the  gates  no  longer  coincide  with  any  part  of  the  target  pulse,  then 
the  system  Is  no  longer  locked  on  the  target  and  reacquisitlon  is  neceiury. 

Deetpiion,  If  average  power  requifements  alone  are  considered,  by  far 
the  most  efAcient  Jamming  signal  against  the  split  gate  range  tracker  is  the 
gatr-sealer  or  gale-grabber. 
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Since  the  tricker  centere  the  range  gate  on  the  ^‘center  of  gravity’’  of  the 
time-teiected  echo  pulie,  it  u  obvious  that  shifting  the  apparent  center  of 
gravity  of  the  signal  away  from  the  true  target  position  wiil  cause  an  error 
in  the  range  output  data.  In  the  gate-grabl^r  jammer  a  series  of  puiMfs, 
similar  to  the  target  pulsea  and  somewhat  larger,  is  generated  and  synchron¬ 
ised  with  the  radar  pulses  ao  that  each  jammer  pulse  coincides  in  time  with 
the  true  signal  return  within  the  radar.  The  position  of  these  pulses  In  time 
is  slowly  changed  so  that  they  move  away  from  the  true  target  and  cauie 
the  apparent  center  of  gravity  to  shifty  so  that  the  range  gates  move  away 
from  the  true  ta*get.  This  process  is  continued  until  the  range  gates  no  longer 
contain  the  target  pulse  and  the  false  pulse  is  then  turned  off,  causing  brealc- 
loch.  The  jammers  which  accomplish  this  are  described  in  Chapter  15. 

If  the  apparent  acceleration  of  the  false  target  is  within  the  response 
capability  of  the  radar,  the  average  Jamming  power  merely  has  to  exceed 
the  average  skin  return  power  in  order  to  Im  successful. 

It  is  clear  that  a  high  degree  of  synchronisation  between  the  jammer  and 
the  radar  is  required  for  this  type  of  jamming.  The  repeater  jammers  de¬ 
scribed  In  Chapter  1 5  provide  this  synchronization  very  effectively,  but  since 
transmission  and  reception  occur  simultaneously  and  since  a  target  with  a 
large  effective  cross  section  requires  a  high  gain  repeater,  isolation  between 
the  receiving  and  transmitting  antennas  cun  be  a  serious  problem. 

To  overcome  the  isolation  problem  a  time  sharing  technique  is  sometimes 
used  which  involves  alternate  gating  off  of  the  repeater  receiver  and  trans¬ 
mitter  so  that  regeneration  Is  p.eventcd.  The  retransmitted  signal  from  this 
type  of  repeater  consists  of  a  burst  of  pulses,  each  much  shorter  than  the 
radar  pulse.  The  radar  receiver  bandwidth  being  designed  for  the  wider 
pulse  will  not  be  able  to  resolve  the  hne  structure  of  the  repeated  signal 
and  the  burst  will  appear  as  one  pulse.  Of  course  a  radar  receiver  can  he 
modified  (References  26  and  27)  so  as  fo  be  able  to  discriminate  against 
this  type  of  signal,  but  this  involves  increasing  the  bandwidth  and  possibly 
increasing  the  suKeptibility  to  noise  Jamming. 

Several  other  anti-jam  schemes  have  been  proposed  to  counter  repeater 
jamming.  Since  ;ip|)arent  motion  of  the  signal  center  of  gravity  Is  caused  by 
increasing  the  delay  of  the  retransmitted  pulse,  the  pull-off  can  only  be  ac¬ 
complished  toward  increasing  ranges.  If  the  ran^e  tracker  Is  made  to  track 
only  the  leading  edge  (or  the  lending  |)ortion)  of  the  signal  pulse  it  will  ig¬ 
nore  the  false  signal,  unless  It  is  much  larger  than  the  true  signal  return. 
Moreover,  if  the  portion  of  the  signal  pulse  sampled  by  the  range  tracker  is 
narrower  than  the  minimum  inherent  delay  of  the  repeater,  the  false  signal 
pulse  will  be  completely  Ignored  by  the  tracker.  Pull-off  can  be  accomplished 
in  the  direction  of  decreasing  range  by  delaying  the  jammer  pulse  by  a  little 
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leu  thin  I  repartition  period  but  this  move  cm  be  countered  by  varying  the 
reiKtItton  rate  of  the  radar.  If  pull-off  is  achieved  a  rapid  search  toward  de¬ 
creasing  range  as  soon  as  the  false  target  disappears  will  minimiie  the  off 
target  time. 

Limiting  the  acceleration  capability  of  the  tracker  to  values  which  can 
reasonably  be  expected  from  a  target  also  decreases  the  vulnerability  of  a 
radar  to  this  countermeasure. 

A  combination  of  the  above  counter-countermeasures  would  at  least  place 
very  severe  requirements  on  a  gate-grabber  type  Jammer  but  would  result 
in  considerable  added  complexity  of  the  radar. 

A  similar  Jamming  technique  has  been  proposed  which^  while  requiring 
somewhat  higher  iverage  power  than  does  a  repeater,  should  be  considerably 
less  vulnerable  to  countercountenncasurcs  (References  28,  29,  and  30). 

This  technique  consists  of  generating  a  train  of  pulses,  at  the  appropriate 
r-f  frequency  and  pulsewldth,  having  a  prf  very  near  but  not  equal  to  an 
integral  multiple  of  that  of  the  victim  radar.  Such  a  Jamming  signal  will 
cause  at  the  range  tracking  circuits  a  series  of  pulses  which  appear  to  be 
moving  slowly  past  the  actual  signal  pulse,  and  the  tracking  gates  will  be 
pulled  off  the  true  target  pulse  In  much  the  same  manner  as  in  the  ciiae  of  a 
repiuter.  However,  since  the  jamming  pulses  pass  through  the  leading  edge 
of  the  true  target,  edge  tracking  should  afford  much  less  protection  for  the 
radar.  Even  though  limited  acceleration  capability  of  the  tracker  may  prevent 
the  range  gates  from  actually  locking  on  and  tracking  a  Jamming  pulse,  the 
cumulative  effect  of  a  series  of  false  pulses  can  move  the  gates  completely 
off  the  true  target.  ReacquUition  of  the  target  pulse,  particularly  in  an  un¬ 
manned  radar,  should  be  very  difficult  with  this  xy\ye  of  Jamming. 

If  the  victim  radar  Is  using  manually-aided  range  tracking  It  Is  quite 
|K)ssible  that  the  judgement  of  a  human  o|>erator  and  his  knowledge  of  the 
tactical  situation  would  enable  him  to  completely  reject  the  false  targets 
generated  by  either  of  the  above  Jamming  techniques. 

Cbscuration — Noise  Jamming,  In  this  section  are  Included  thc^e  types  of 
lamming  signals  which  are  random  in  character  and  are  essentially  unsyn¬ 
chronized  with  the  victim  radar,  the  object  of  the  Jamming  being  to  over¬ 
whelm  the  target  signal  with  another  signal  containing  no  Information 
regarding  the  range  of  the  target  (References  3 1,  32,  33,  and  34). 

The  effect  of  noise  jamming  on  a  range  tracking  radar  cun  be  considered 
in  two  parts— the  effect  of  the  radar  receiver  Itself  on  the  received  jamming 
signal  and  the  effect  of  the  resulting  video  In  producing  crroneou.s  tracking 
data. 

Kor  the  present  let  it  be  assumed  that,  regardless  of  the  characteristics  of 
ih*  J  imming  signal  at  the  Input  of  the  receiver,  the  local  lime  structure  of 
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the  resulting  video  will  be  quite  simil&r  to  that  of  the  true  pulse  because  of 
the  narrow  Alter  through  which  they  both  have  passed,  That  is,  the  video 
will  roughly  resemble  a  random  sequence  of  target  pulses^  the  amplitude  and 
spacing  of  which  will  of  course  depend  on  the  original  jamming  signal  at 
the  receiver  input,  but  will  be  random. 

As  the  Nplit.gate  iracking  circuits  sample  this  jamming  video  along  wtih 
the  signal  pulse,  there  will  be,  on  some  samples  at  least,  a  jamming  pul^e 
appearing  within  the  range  gates  but  not  coinciding  with  the  center  of  the 
gate  pair.  This  will  cause  a  false  error  signal  resulting  in  a  cliange  In  position 
of  the  tracking  gates,  which  will  not  be  centered  on  the  true  target.  A  se¬ 
quence  of  such  samplings  results  in  the  range  gate  being  jittered  about  the 
true  target  position,  the  magnitude  of  the  jitter  depending  on  the  amplitude 
of  the  jamming  pulses,  their  frequency  of  occurrence,  and  the  response  of 
the  tracking  circuits  to  a  given  apparent  error.  There  is  of  course  a  limit  to 
the  amplitude  of  jamming  pulses  which  the  receiver  will  pass  and  the  response 
of  the  tracking  circuits  Is  such  that  a  single  jamming  pulse  will  not  cause 
sufficient  error  to  move  the  tracking  gates  completely  off  the  target  pulse,  but 
as  the  jamming  pulses  become  l.:rge  ancl/or  more  frequent  the  probability 
becomes  appreciable  that  a  large  enough  succession  of  errors  will  occur  in 
the  same  direction  to  move  the  gates  of!  the  target  pulse,  and  break-lock 
occurs. 

From  the  above  considerations  it  appears  that  the  rms  error  caused  by  a 
given  jamming  signal  would  vary  inversely  as  the  tracking  time  constant  and 
this  is  Indeed  the  case.  However,  break-lock  is  a  peak  error  phenomenon  and 
it  can  be  shown  (Reference  31)  that  the  J/S  ratio  required  to  break-lock  Is 
essentially  lndet>endent  of  the  response  time  of  the  tracking  circuits  The 
time  required  to  break-lock  however,  once  the  required  J/S  ratio  is  achieved, 
is  proportional  to  the  tracker  response  time  so  that  long  tracker  integrating 
timet  (i.e.  a  slowly  acting  servo)  affords  a  great  deal  of  protection  against 
intermittent  jamming.  Of  course,  as  implied  above,  a  long  integrating  time 
also  makes  successful  gate  grabbing  more  difficult. 

It  was  stated  in  the  dlscu.Hslon  of  the  effect  of  noise  on  the  tracking  cir¬ 
cuits  that  both  the  amplitude  and  frequency  of  occurrence  of  the  jamming 
pulses  influence  the  resulting  error.  It  follows  then  that  large,  scarce  pulses 
can  be  as  effective  as  smaller  frequent  pulses.  However,  It  is  a  simple  matter 
for  the  radar  to  be  made  to  discriminate  against  these  large,  scarce  pulses 
merely  by  limiting  the  video  at  the  peak  value  of  the  signal. 

If  the  jamndng  signal  is  such  that  the  jamming  pulses  at  the  radar  video 
are  overlapping  to  a  large  extent,  limiting  alone  no  longer  affords  protection 
to  the  tracking  circuits  since  the  target  pulse  wili  now  \>c  riding  on  top  of 
the  jamming  signal  and  will  be  destroyed  by  the  clipping. 

In  considering  Jamming  of  ;i  range  tracking  radar  it  should  be  kept  in 
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mind  that  large,  ground  bated  tracking  lyttema  can  afford  to  nnd  often  do 
have  a  human  operator  either  monitoring  the  range  channel  or  manually 
tracking  the  target  using  an  A-icq)e  preKntatlon. 

Considerable  work  hat  beer,  done  on  the  effects  of  noise  and  Jamming  on 
an  A-tcope  pretentaUon  (References  1,  35,  36,  and  37).  Lawton  and  Uhlen- 
beck  particularly  have  considered  the  role  of  various  radar  paramentero  on 
tliete  effects.  Many  cf  the  factors  considered  In  these  studies  are  of  interest 
only  in  the  Jamming  of  an  A*Kope  In  a  search  radar. 

In  the  case  of  tracking  radar,  where  the  target  b  being  searchlighted  and 
the  target  pulse  It  constantly  displayed  on  the  Kopt^,  successful  noise  Jam¬ 
ming  requires  that  there  be  essentially  no  blank  spaces  in  the  Jamming  video. 
If  even  a  fairly  small  percentage  of  the  target  pulsts  are  unobscured,  the 
correlating  effect  of  the  A-ecope  allowi  them  to  be  seen  through  the  noisec 
If  frequent  but  short  blank  spaces  occur  In  the  Jamming,  the  baseline  of  the 
preKntation  becomes  pronounced  and  the  target  p  ulae  can  be  detected  by 
the  ^'baseline  notch"  effect. 

In  view  of  the  above  discussion,  It  appears  that  a  criterion  for  effective, 
not  easily  countered,  obKuraUon  Jamming  of  either  an  automatic  range 
tracker  or  a  manually  aided  tracker  Is  that  the  video  noise  produced  by  the 
Jamming  be  dense  in  the  vicinity  of  the  target  pulse  for  essentially  every 
repetition  of  the  pulse  (Reference  38).  Assuming  no  synchronization  be¬ 
tween  the  Jamii^lng  and  the  radar,  this  means  that  the  Jamming  video  be 
dense  all  of  thi*  dme  (i>e.  no  holes  in  a  time  plot  of  the  video). 

L  be  kept  In  mind  that,  unless  the  spectrum  of  the  Jamming  video 

covers  the  same  band  as  does  thi.t  of  the  signal,  the  Jamming  can  be  at  least 
partly  dlKriminated  against  with  simple  filters. 

With  the  above  considerations  in  mind,  the  effectiveness  of  various  Jam¬ 
ming  signals  against  range  trackers  can  be  considered.  The  techniques  for 
generating  these  signal*  have  been  dlKusscd  in  other  chapters.  The  choice 
between  DINA,  AM-by-noise  or  FM-by-noise  for  a  particular  Jamming  ap' 
plication  would  probably  depend  more  on  such  considerations  as  ease  and 
efftciency  of  generation  and  the  width  of  the  r-f  spectrum  to  be  covered  than 
on  the  effectiveness  of  the  resulting  signal. 

The  effect  of  DINA  on  an  automatic  or  manually  elded  range  tracker  is 
for  most  purfKHes  the  same  as  receiver  noise  if  the  width  of  the  transmitted 
spectrum  is  greater  than  that  of  the  victim  radar.  The  latter  condition  should 
be  satisfied  to  insure  the  generation  of  sufficiently  wideband  video  noise. 

Amplitude-modulation  by  noioe  (s  easily  generated  at  relatively  high  power 
levels  and  for  this  reason  Is  often  used  in  applications  where  a  fixed  or  slowly 
tunable  spot  Jammer  can  be  used,  that  is  against  fixed  frequency  radars. 

The  development  of  voltage  tunable  power  tubes  has  also  made  this  type 


6 


EFFECTIVENESS  OF  JAMMING  SIGNALS 


14-39 


of  ja^fiming  practical  against  even  rapidly  tuned  radars  with  the  help  of  some 
sort  of  automatic  frequency  lock-on  technique.  Here  again  though,  the  Jammer 
output  spectrum  must  be  at  least  as  wi^e  as  the  passband  of  the  victim 
radar  in  order  to  insure  sufficiently  high  frequencies  in  the  resulting  video. 
This  mea^j  of  course  that  the  Jammer  modulating  noise  would  have  a  spec¬ 
tral  distribution  roughly  equivalent  to  the  passband  of  the  victim  radar's 
video  ampliflers.  This  may  be  a  rather  Mvere  requirement  against  radars 
using  very  short  pulses  on  the  order  of  0.1  ^isec. 

The  availability  of  high  power  BWO's  such  as  the  Carcinotron  has  made 
the  generation  of  FM-by-noise  practical  at  power  levels  r<^ulred  for  jam¬ 
ming.  This  type  of  Jamming  is  particularly  suited  to  barrage  Jamming  over 
a  wide  band  of  frequencies,  since  the  width  of  the  output  spectrum  Is  deter¬ 
mined  by  the  amplitude  of  the  modulation  signal  rather  than  by  its  band¬ 
width. 

The  barrage  width  required  from  a  Jammer  will  probably  be  dictated  by 
such  considerations  as  the  number  of  Jammers  available  to  cover  a  given 
barrage.  Since  the  effectiveness  of  FM  jamming  against  an  AM  receiver 
depends  on  slope  detection  on  the  skirts  of  the  radar  receiver  response  curve, 
the  Jammer  frequency  deviation  should  be  at  least  several  times  as  wide  as 
the  victim  radar  bandwidth,  but  since  a  need  for  wide  frequency  coverage  is 
assumed,  this  requirement  will  automatically  be  satisfied. 

The  response  of  a  radar  receiver  to  FM-by-noise  has  been  discussed  earlier 
in  this  chapter  and  It  will  suffice  to  mention  here  that  the  need  for  producing 
wideband,  everywhere  dense  video  noise  in  the  radar  receiver  requires  that 
the  band  of  noise  used  for  modulating  the  jammer  be  at  least  as  wide  as  the 
victim  receiver  and  preferably  twice  as  wide.  In  effect  what  is  required  is  that 
the  average  time  interval  between  passes  of  the  Jammer  carrier  through  the 
receiver  pauband  be  less  than  the  ringing  time  of  the  receiver  (approximately 
yi  BW).  It  should  be  repeated  here  that  If  the  radar  is  unprotected  by  pulse 
interference  rejecting  or  similar  A-J  circuits  this  requirement  probably  docs 
not  apply  against  a  completely  automatic  tracking  radar. 

Against  a  well  protected  radar  the  above  requirement  may  very  consider¬ 
ably  decrease  the  effective  width  of  a  Jamming  barrage  produced  by  FM-by^ 
noise.  For  example  if  gaussian  noise  Is  used  as  a  modulating  signal  the 
average  rate  of  passes  through  a  receiver  passband  falls  off  fairly  rapidly  as 
the  receiver  is  tuned  away  from  the  center  of  the  barrage  (References  5  and 
38).  In  addition  to  this  the  power  density  spectrum  of  the  barrage  will  be 
approximat«^]y  gaussian  shaped  so  that  the  Jamming  power  intercepted  by 
the  victim  receiver  also  falls  off  at  and  is  tuned  away  from  the  center  of 
the  barrage  (References  5  and  12).  It  is  a  fairly  simple  matter  to  change 
the  ''haracter  of  the  modulating  noise  in  such  a  way  as  to  result  in  a  prac- 
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tlcttlly  uniform  power  density  across  the  entire  Jammer  output  barrage,  but 
this  causes  the  average  rate  of  passes  through  the  carrier  tc  fall  off  even 
faster  toward  the  edges  of  the  barrage  (Section  14.2.4),  The  wide  band  widths 
of  most  tracking  radars  make  It  difAcult  to  solve  this  problem  by  the  most 
straightforward  approach  of  including  such  high  modulating  frequencies  that 
the  average  rate  of  passes  remains  sufficiently  high  across  most  of  the  band. 
Other  solutions  are  being  Investigated  (Reference  38)  such  as  those  sug* 
gested  by  Middleton  In  Reference  5. 

14.3.2.2  Velocity  Trackers 

In  some  tracking  radar  applications,  notably  missile  seekers,  precise 
unambiguous  range  Information  Is  not  required  and  target  diKrImlnatlon 
may  be  accomplished  on  the  basis  of  the  dopplcr  shift  of  the  echo.  This  allows 
the  use  of  a  relatively  simple  type  of  radar,  the  c-w  doppler  radar,  a  block 
diagram  of  which  is  shown  in  Figure  14-14.  As  the  name  implies,  the  trans¬ 
mitted  signal  is  unmodulated  (ex- 
Z\  il  "L— perhaps  for  coding  purposes), 

[i  ~~  r  ~  ^ . r  +  The  return  signal  is  shifted  in  fre- 

\  quency  by  an  amount  depending 

in]  I  r|  \  I  *^*^***  velocity  of  the  target. 

The  speed  gate  shown  within  the 
<  ^  ^  \  dotted  lines  Is  a  servo  loop  which 

f  ~~~~~~~  *  \  In  effect  tracks  the  doppler  shift 

(  i  j  with  a  very  narrow  filter.  The  angle 

I  - 1  — J  ' - ^  tracker  responds  only  to  those  sig- 

j  nals  which  indicate  the  proper 

I  HiaCTTn.)*— radial  velocity. 

^  (  j  Because  of  the  100  percent  duty 

" "  "  '  ^  ^  transmitter,  time  shar¬ 

ing  between  transmitter  and  re- 
ricusr  I4.M  A  .hnrnlrt-d  c-w  doppirr  r.d.r  ^ 

isolation  problem  results.  The  transndtted  power  of  such  a  radar  must  be 
limited  to  a  relatively  low  level  to  prevent  blocking  of  the  receiver. 

To  avoid  this  Isolation  problem  some  doppler  radars  have  pulsed  trans¬ 
mitters  with  a  receiver  blanking  gate  during  the  transmitted  pulse  which 
allows  much  higher  transmitted  power.  In  order  to  avoid  doppler  ambiguities 
these  radars  must  have  a  very  high  pulse  repetition  frequency  and  hence  a 
very  high  duty  ratio.  For  practical  purposea  doppler  tracking  is  usually 
done  only  on  the  main  line  of  the  received  signal  spectrum. 

Range  information  can  be  obtained  with  a  pulse  doppler  radar  at  the 
expense  of  considerable  coinplication.  A  method  of  range  tracking  which  is 
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fomeUmei  uied  li  ihown  in  Figure  M- 
15.  Since  only  one  line  of  the  ilgnel 
spectrum  is  paiseU  by  the  speed  gste. 
the  ilgnjil  at  the  range  tracker  li  no 
longer  a  pulse.  Range  error  is  deter*' 
mined  by  time  Jittering  the  gate  ap¬ 
plied  to  the  signal  in  the  receiver. 
This  imposes  on  the  signal  an  ampli¬ 
tude  m(^ulation  which  is  retained  on 
the  output  of  the  speed  gate.  This 
modulation  is  analysed  in  the  range 
tracker  to  determine  the  magnitude 
and  direction  of  th;t  range  error,  and 
the  appropriate  correction  made  to 


center  the  range  gate  on  the  target  pulse. 

Because  of  the  high  prf  the  range  Information  is  ambiguous.  If  unambig¬ 
uous  range  is  required  the  amblqulties  can  be  resolved  by  switching  the  prf. 
Another  effect  of  the  high  prf  is  eclipsing  of  the  return  signal  from  one  trans¬ 
mitted  pulse  by  a  later  pulse.  In  some  models  eclipalng  Is  avoided  by  varying 
the  prf  in  such  a  way  that  the  return  signal  always  falls  between  two  trans- 
mlttions. 

The  most  Important  difference  between  the  two  types  of  doppler  radar 
from  the  ECM  viewpoint  is  the  higher  power  of  the  pulse  type,  and  jamming 
techniques  designed  to  be  used  against  them  are  quite  similar. 

Because  of  the  extremely  narrow  bandwidth  of  the  speed  gate  Alter,  bar¬ 
rage  Jamming  of  either  the  C-W  or  pulse  doppler  radar  would  be  very  In- 
efAclent.  Spot  noise  Jamming  also  would  seem  to  be  very  difncult  because  of 
the  required  accuracy  In  frequency  set^on. 

Repeater  Jammers  naturally  satisfy  the  accurBf^  frequency  set-on  require¬ 
ments  and  at  the  iiiime  time  lend  themselves  very  well  to  deception  tech¬ 
niques.  Repeaters  are  described  elsewhere  in  this  volume  auc^  so  will  be  dis¬ 
cussed  very  briefly. 

Since  the  doppler  radar  achieves  target  selection  by  tracking  the  frequency 
shift  of  the  target  echo,  one  goal  of  the  jammer  is  to  cause  the  speed  gate  to 
move  away  from  the  true  doppler  frequency.  This  can  be  accomplished  by 
Imposing  a  false  frequency  shift  on  the  ret)eated  signal,  starting  the  shift  at 
eero  and  gradually  Increasing  it.  If  the  frequency  shift  is  then  abruptly  re¬ 
duced  to  aero  again  the  speed  gate  will  no  lunger  be  tracking  and  rcacquisi- 
tion  is  necessary. 

The  requirements  on  the  Jammer  to  accomplish  this  speed-gate  grabbing 
are  only  that  the  repeated  signal  exceed  the  norma!  skin  return  from  the 
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Urget  and  that  ins  pun-ofi  f«ic  be  kepi  ^.thln  the  accc!e?st!en  capability  of 
the  victim  radar  tracking  loop. 

If  the  victim  radar  ia  a  pu!if»doppler  type  (References  39  and  40)  so 
that  range  information  is  available  (even  though  it  may  be  ambiguous), 
range  rate  may  be  determined  and  compared  with  the  apparent  radial  veb 
oclty  indicated  by  the  doppler  shift.  If  the  tracking  lo(^  is  made  to  ignore 
doppler  shifts  which  do  not  agree  with  the  range  rate  measurement  the  gates 
would  remain  locked  on  the  true  doppler  shift. 

One  sugru^ted  Jamming  technique  for  countering  this  CCM  is  to  use  a 
pulsed  repeater  and  vary  the  delay  of  the  repeated  pulse  to  cause  an  ap¬ 
parent  change  In  radial  velocity.  This  apparent  rate  of  change  of  range  is 
made  to  agree  with  the  false  doppler  imposed  on  the  repealed  signal.  In  cer¬ 
tain  applications  the  doppler  shift  of  the  target  echo  may  be  used  for  other 
purposes  than  target  discrimination.  For  example  the  detonation  of  a  guided 
missile  fuze  is  often  controlled  by  the  indicated  radial  velocity  of  the  target. 
In  such  a  case  Jamming  may  l^e  more  effective  if  the  false  doppler  signal 
programmed  to  cauM  premature  detonation  of  the  missile  warhead. 

Si»K.e  the  angle  tracking  loop  of  a  doppler  radar  derives  error  Information 
from  only  that  part  of  the  signal  which  is  passed  by  the  speed  gate,  capture 
of  the  speed  gate  makes  possible  the  introduction  of  false  angle  information 
also  (References  41  and  42).  This  may  be  accomplished  by  modulations  dis¬ 
cussed  in  the  following  sections. 

14«3.2.S  Angle  Treekert 

ConicahScan  Tracking.  The  effect  of  Jamming  signals  on  conical-Kan 
angle  trackers  will  probably  continue  to  be  an  Important  consideration  in 
the  design  of  countermeasures  systems  to  be  used  against  airborne  tracking 
radars,  particularly  missile  seekers,  since  there  appears  to  be  a  strong  prefer¬ 
ence  for  conicil-ican  tracking  in  these  applications. 

llie  operation  of  a  conical-scan  tracker  is  shown  in  Figure  14-16.  Although 
target  selection  is  achieved  in  this  example  by  range  gating  It  may  also  be 
done  on  the  basis  of  radial  velocity  as  described  previously. 

As  the  antenna  rotates,  the  narrow  pencil  beam  scans  a  cone  shaped  pat¬ 
tern.  If  the  target  Is  not  on  the  axis  of  the  scanned  cone,  the  amplitude  of 
the  signal  leturn  will  vary  sinusoidally  at  ihe  scanning  frequency.  The  mag¬ 
nitude  of  the  variation  Is  proportional  to  the  magnitude  of  the  error,  and  the 
phase  of  the  variation,  with  respect  to  reference  signals  generated  within  the 
radar,  Indicates  the  direction  of  the  error.  The  error  signal  and  reference 
signal  are  used  as  shown  to  position  the  antenna  mount  In  a  direction  to  re¬ 
duce  the  error  to  zero. 

If  the  radar  is  of  the  pulse  type,  the  angular  error  is  derived  from  that 
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PtovM  U-16  Conlcil-icAn  Anste  iracktr 

p&rt  of  thf  return  lignji!  which  hte  been  selected  by  the  range  gates.  This  is 
necemry  so  that  returns  from  objects  in  approximately  the  same  direction, 
but  at  different  ranges  will  not  influence  the  tracker. 

In  order  to  counter  such  a  radar  a  Jammer  must  elthei  prevent  Uie  radar 
from  detecting  the  amplitude  variations  which  indicate  an  error  or  cause 
within  the  ’‘adar  an  apparent  error  signal  which  will  be  acceptable  to  the 
error  detecting  circuits  but  which  differs  from  the  true  error  in  such  a  wa^ 
that  the  tracking  error  is  Increased.  The  latter  method  will  be  referred  to  as 
deception  jamming. 

Examples  of  the  first,  or  nuuking  type,  of  Jamming  are  c-w  and  high- 
frequency  noise  such  as  described  above  for  range  tracker  Jamming.  In  spite 
of  the  age,  it  is  often  fairly  easy  to  saturate  the  radar  receiver  with  either 
c-w  or  noise  so  that  the  Amplitude  variations,  which  indicate  an  error,  are 
lost. 

There  are  CCM  availtbie  which  prevent  saturation  and  make  it  poitible 
for  a  con-scan  tracker  to  track  the  noiH  source  itself.  However,  these  anti- 
Jem  techniques  involve  a  loss  of  target  discrimination  by  range  gates  or  speed 
gates  so  that  although  the  radar  could  angle  track  on  a  single  noise  source  it 
should  be  vulnerable  to  dispersed  noise  Jammers,  particularly  during  the  ac- 
quliition  phase.  Such  a  dispersion  can  be  accomplished  by  a  number  of 
techniques  such  as  Jammer  carrying  decoys,  many  aircraft  in  a  formation 
equipped  with  Jammers,  Illuminating  chaff  clouds  with  noise,  eic. 

Deception  Jamming  (References  42  and  45)  in  general  requires  less  f>ower 
than  masking  since  it  is  not  necessary  to  saturate  the  radar. 

To  use  the  deception  type  of  jamming  against  a  pulse  radar  it  is  not 
enough  merely  to  amplitude  modulate  a  c-w  carrier  with  the  con-Kan  lobing 
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frequency  iince  the  video  ftmplIAer  of  the  rider  will  ueutlly  reject  luch  low 
frequencies.  It  is  nK<!SMry  to  luperimpoee  the  false  error  si|fial  on  a  modu¬ 
lation  which  will  be  (uused  by  the  radar  video  ampHfter.  This  latter  modula¬ 
tion  can  of  course  be  pulse  synchronised  with  the  radar  pulses  as  in  a  repeater 
or  some  other  type  of  high  frequency  modulation  such  as  that  used  against 
the  range  tracker  above. 

The  low  frequency  false  error  modulation  can  then  be  superimposed  by 
amplitude  modulating  at  the  desired  frequency  or  by  frequency  modulating 
at  half  the  desired  frequency  with  a  deviation  of  several  receiver  bandwidths. 

In  order  to  implement  the  deception  type  of  jamming  most  eMciently,  the 
scanning  rate  of  the  radar  antenna  must  b%  known.  If  the  radar  uses  the  same 
antenna  for  transmlsilcn  and  reception,  the  radar  pulses  Incident  on  the  tar¬ 
get  will  vary  In  amplitude  at  the  scanning  rate  whenever  there  Is  a  tracking 
error.  If,  however,  the  radar  is  semiactive,  that  is  the  transmitter  is  located 
remotely  from  the  receiver  as  in  the  case  of  many  missile-borne  homing 
radars,  then  the  transmitting  antenna  is  not  scanned  and  it  la  very  dIfAcult, 
if  not  impouible  to  observe  the  radar  scan  frequency.  Some  later  models  of 
active  conical  scan  radars  have  been  designed  to  prevent  scanning  of  the 
transmitted  beam.  With  sufficient  intelligence  information  it  may  be  possible 
to  predict,  within  sufAclently  narrow  limits,  the  scanning  rate  of  a  radar 
likely  to  be  encountered  in  a  given  altuation. 

For  convenience  of  discussion  we  will  consider  three  different  cases; 

(1)  The  frequency  and  phase  of  the  victim  radar  scan  rate  are  obeerved; 

(2)  The  Kan  rate  is  not  observed,  but  a  probable  scan  rate  it  known  within 
say  a  few  percent  and  (3)  No  Information  is  available  regarding  the  kui 
rate. 

In  case  (I)  the  optimum  false  error  signal  with  which  to  modulate  the 
Jamming  is  obviously  a  sine  wave  at  the  scan  frequency  but  differing  In 
phase.  In  case  (2)  the  band  of  possible  Kin  frequencies  can  be  covered  either 
by  slowly  sweeping  (he  jammer  modulating  freqtwncy  cr  by  modulating  with 
a  narrow  band  of  noise  centered  at  the  most  likely  frequency. 

In  case  (3)  it  can  only  be  assumed  that  If  the  victim  radar  is  a  con-scan 
radar  Its  Kan-frequency  is  somewhere  between  2Cq;>s  and  several  thousand 
cpi.  It  is  not  practical  to  modulate  the  Jamming  signal  with  a  band  of  noise 
whose  spectrum  covers  this  wide  range  of  frequencies  since  the  radar  angle 
iracking  Mrvo  responds  only  to  modulation  at  frequencies  within  about  one 
cycle  per  second  of  the  Kan  frequency,  so  only  a  very  small  percentage  of 
the  jamming  power  would  be  effective.  Similarly,  it  would  not  be  practical 
to  sweep  the  modulating  frequency  over  the  band  since  the  response  of  the 
servo  is  such  that  timm  of  the  order  of  one  second  are  required  to  cause  a 
substantin)  error.  If  the  sweep  speed  Is  slow  enough  so  that  the  modulating 
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frtqucncy  li  within  the  (xuiband  of  the  servo  for  tbovii  one  second,  It  would 
take  about  25  minutes  to  cover  the  range  of  posslbSe  freciuencits,  and  even 
then  there  would  be  m  error  caused  for  only  about  two  seconds  of  each 
sweep.  It  appears  that  In  this  lut  case  the  deceptive  type  of  angle  Jamming 
has  little  value  althouih  the  masking  type  mentioned  previously  would  still 
be  effective,  causing  the  radar  to  lose  raiige  information  and  to  sacrifice 
target  discrimination  in  order  to  home  on  the  Jamming  signal.  Since  in  this 
case  the  signal  amplitude  variation  which  is  characteristic  of  con-scan  radars 
Is  not  observed,  one  would  probably  not  know  whether  the  victim  radar  is  a 
conical-scan  or  a  monopulse  radar  and  the  best  af^roach  would  seem  to  be 
to  treat  it  u  If  it  were  the  latter.  Countermeasures  against  monopulse  radars 
are  discussed  in  the  following  section. 

Monopulie»  The  sequential  nature  of  error  detection  in  the  conical  scan 
tracker  sometimee  results  in  noisy  tracking  and  !i  also  the  source  of  a  vulner¬ 
ability  to  certain  typee  of  Jamming.  In  a  monopulse  tracking  radar,  angle 
information  is  derived  from  each  pulse.  Motx>pulse  radars  fall  into  three 
groups-^mplitude  comparison  or  simultaneous  lobing,  phase  comparison 
or  interferometer,  and  a  combination  of  the  first  two. 

An  amplitude  comparison  monopulse  radar  Is  shown  in  Figure  14-17.  Two 
identical  channels  are  required  to  track  in  both  aslmuth  arul  elevation.  Each 
channel  has  two  antennas,  cocked  slightly  so  that  their  center  lines  form  an 
angle  u  shown.  An  angle  error  is  indicated  by  a  difference  in  amplitude  of  the 
signal  return  in  the  two  channels.  The  amplitude  comparison  can  be  made 
at  any  stage  of  the  radar  (r-f,  i-f,  or  video).  In  the  example  shown  the  rom- 
parison  is  nuide  at  r-f,  while  the  actual  error  Is  determined  by  phaM  detect¬ 
ing  the  difference  signal  with  the  sum  nal. 

In  a  phase  comparison  monopulse,  Figure  14-1?,  the  two  horns  of  a  chan¬ 
nel  are  placed  so  that  their  centerlines  arc  in  the  same  direction  but  the  horns 
themselves  are  displaced  by  several  wavelengths.  If  a  target  is  on  the  center- 
llrie  the  return  signals  to  the  two  horns  will  be  In  phase.  If  the  target  is  off 
the  centerline  the  signal  will  reach  one  horn  before  the  other  and  the  hern 
signals  will  be  out  of  phase  by  an  amount  depending  on  the  angular  error 
and  the  horn  separation. 

The  above  systems  require  four  antennas  to  track  in  azimuth  and  eleva¬ 
tion.  A  system  has  been  designed  which  reduces  the  numt>er  of  antennas  to 
two  by  combining  the  amplitude  and  phase  comparison  types.  If  two  antennas 
are  mounted  so  that  they  are  displaced  In  the  horizontal  (Figure  U-19)  and 
their  center  linea  form  an  angle  in  the  vertical  plane,  then  azimuth  elevation 
error  will  be  indicated  by  a  phue  difference  and  elevation  error  by  an  ampli¬ 
tude  difference. 
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Fiovme  14-17  AmpUtuda  comptrUon  reonopuUa 

Of  ihe  thr«e  typ«a  dmribed,  amplitude  comparlion  appears  to  bt  by  far 
the  most  common.  The  complexity  of  the  waveguide  circuitry  of  mcnopulse 
radars  has  discouraged  their  use  in  some  airborne  applications,  particularly 
missile  seekers,  but  they  are  widely  used  in  ground  ba^  Are  control  systems. 

Jamming  techniques  againit  monopulie  radars  can  be  divided  into  the  fol¬ 
lowing  groups  (Reference  44) : 

A.  Off- Frequency  Jamming  (which  depends  on  imperfections  of  design  or 
construction) 

!.  Image  Jamming 
2.  Skirt  Frequency  Jamming 

B.  Multiple  Source  Methods 

1.  Blinking 

2.  Formation  Jamming 

3.  Cross-Eye 

Image  Jamming  (Reference  45),  that  is  jamming  at  the  Image  frequency 
of  the  ra^r,  depends  on  the  fact  that  the  phase  angle  at  i-f  between  two 
signals  at  the  image  frequency  is  the  reverM  of  that  which  would  appear  at 
i-f  if  the  two  signals  were  at  the  normal  response  frequency  of  the  receiver. 
Since  the  phase  comparison  monopulse  determines  the  direction  of  the  error 
by  the  direction  of  the  phase  error  between  the  two  horn  signals,  image  jam¬ 
ming  causes  the  antenna  to  be  driven  away  from  the  target  if  the  Jamming 
power  exceeds  signal  power. 
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In  lome  monopulu  radirs  slight  differences  in  length  of  signal  paths  from 
the  horns  are  compensated  for  by  phase  shifts  at  l«f.  For  signals  at  the  image 
frequency  however,  the  compenuting  phase  shift  adds  to  the  original  phase 
shift  and  the  original  error  is  doubled  instead  of  being  canceled.  This  effect 
can  be  obtained  even  in  amplitude  comparison  radars  if  the  compensated 
error  is  large  enough. 

Image  rejection  In  the  radar  would  eliminate,  or  at  lea/it  make  more  diffi¬ 
cult,  effective  image  Jamming. 

Skirt  frequency  Jamming  refers  to  Jamming  at  frequencies  on  the  skirts  of 
the  response  curve  of  the  radar.  Its  effectiveness  depends  on  unbalances  be¬ 
tween  sum  and  difference  channels  at  these  frequencies  where  rapid  phase 
shifts  are  present  in  each  channel.  Of  course  It  can  be  effectively  countered 
'  ^  ^*eful  design  and  construction  of  the  radar. 

A  well  designed  monopulse  radar  can  track  very  effectively  on  a  tingle 
source  of  noise  Jamming  (Reference  46).  However,  In  most  applications  of 
monopulse,  range  information  Is  also  required  and  as  discussed  previously, 
noise  Jamming  ii  an  effective  countermeasure  against  range  trackers. 

Whether  target  range  or  doppler  shift  Is  used  for  target  dUcrimlnatlon, 
nolle  Jammers  located  remotely  from  the  target  will  affect  the  angle  tracking 
circuits  and  cause  an  error  since  neither  time  nor  frequency  gating  will  favor 
noise  radiated  from  the  target.  Dispersed  Jammer  techniques  should  be  as 
effective  against  monopulse  as  against  conical-scan  radars  which  were  dis¬ 
cussed  previously. 

Blinking  refers  to  jomming  (either  noise  or  repeated  signal)  alternately 
from  displaced  points  tn  an  aircraft  or  from  separate  aircraft.  The  effect  Is 
to  increase  the  wander  of  the  tracking  point. 

Cross-eye  (References  47,  48,  49,  50,  and  51)  or  phase  front  distortion  Is 
a  multiple  source  technique  in  which  radar  signals  received  at  one  point  In 
an  aircraft  are  ampllfled  and  retranimitted  from  a  second  point  as  far  u 
possible  from  the  hrst,  while  signals  received  at  the  second  point  are  ihlfted 
in  phase  by  180  degrees  and  retransmitted  from  the  first  point.  Analysis  of 
the  technique  is  quite  complicated  but  it  appears  that  a  large  Jamming  to 
signal  ratio  is  required  to  be  effective.  Because  of  inherent  delays  in  the 
retransmission,  the  technique  can  be  countered  by  obtaining  angle  informa¬ 
tion  from  only  the  leading  portion  of  the  signal  pulse. 

A  summary  of  the  above  techniquM  is  given  in  Figure  14-20,  which  was 
taken  from  a  paper  (Reference  44)  by  Walters  of  the  Johns  Hopkins  Uni¬ 
versity  Radiation  Laboratory. 
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Fiouu  24-20  SummAiy  o(  monopulH  Jamming  UchnlquM 


li«8«S  Exp^rlmmUiI  M«thod»  of  Dotorminlntf  Jxsnmlnf 
EffootivonoM 

Simulation^  Bocause  th«  weight  or  space  allocaltd  to  ECM  equipment  Is 
necesskrily  limited,  and  since  the  weight  ol  the  equlpnient  Increases  rapidly 
with  an  increase  In  powet  output  capability,  it  Is  Important  that  the  Jamming 
signal  radiated  by  the  equipment  be  designed  for  maximum  effectiveness,  for  a 
given  amount  of  power.  Although  field  testing  Is  essential  as  a  final  step  in 
verifying  the  effectiveness  of  Jamming  equipment,  reliable  data  regarding 
the  relative  effectiveness  of  various  types  of  Jamming  signals  Is  best  obtained 
in  a  laboratory  type  test  (References  1,  12,  31,  36,  and  37).  Since  the  para¬ 
meter  of  principal  Interest  is  the  ratio  of  Jamming  power  to  signal  power 
required  to  produce  a  given  degree  of  Jamming  of  a  particular  typo  of  radar, 
it  is  desirable  to  control  as  many  as  possible  of  the  other  variables  involved 
such  as:  target  velocity,  range  and  aspect,  Jammer  antenna  pattern;  signal 
and  Jamming  propagation;  ground  clvitter,  etc. 
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In  the  it  is  very  difftcult  to  reproduce  test  conditions  several  times  in 
order  to  determine  the  relative  eflectiveneu  of  several  types  of  Jamming  sig- 
nils,  whereas  In  the  laboratory  it  is  relatively  simple  to  hold  constant  all  of 
the  paranr»etf  rs  which  would  affect  the  comparison. 

t  'lie  the  ultimate  In  versatility  and  control  of  conditions  is  probably 
achieved  by  complete  simulation  of  the  radar  by  means  of  an  analog  com¬ 
puter,  it  often  requires  a  sacrihee  in  realism,  for  example,  the  antenna  and 
r-f  circuitry  of  the  radar  and  Jammer  may  be  over-simplified. 

A  good  compromise  between  realism  and  versatility  appears  to  be  to  set 
up  an  actual  radar  on  a  test  range  with  a  reflector  or  a  repeater  to  provide 
a  target  signal  (References  31  and  52).  The  Jamming  signals  to  be  evaluated 
can  be  transmitted  to  the  radar  from  the  same  location  as  the  simulated 
target  to  provide  a  completely  closed  loop  test.  It  Is  a  relatively  simple  matUr 
to  instrument  the  radar  and  signal  source  to  indicate  the  actual  error  pro¬ 
duced  by  jamming  as  well  as  the  tracking  error  present  without  jamming. 

Tsif  Range,  An  example  of  such  a  test  range  is  the  one  at  the  Johns 
Hopkins  University  Radiation  Laboratory.  The  range  is  Indoors  and  about 
40  feet  long  which  li  sufficient  to  avoid  near  fleld  antenna  effects  with  small 
airborne  radars.  In  order  to  simulate  targets  at  realistic  ranges  an  AN/UPM- 
1 1  range  calibrator  Is  used.  This  device  mixes  the  signal  from  the  radar  with 
a  local  oscillator  signal,  delays  the  i-f  signal  with  a  quarts  delay  line  and 
uses  the  same  local  oscillator  to  convert  the  delayed  i-f  signal  back  to  the 
original  frertuency.  this  device  any  modulation  of  the  illuminating 
energy  (due  for  example,  to  scanning  of  the  radar  antennn)  is  retained  In 
the  simulated  echo  signal. 

If  a  rc;&llstlcally  noisy  target  signal  is  desired  the  AN/UPM-IJ  has  pro¬ 
visions  for  amplitude  modulating  the  repeated  signal  in  accordance  with  an 
external  voltage. 

Since  the  delay  line  In  the  UPM-11  is  fixed,  target  range  motion  is  sim¬ 
ulated  by  delaying  the  synchronising  pulse  in  the  radar  and  varying  the  deiay 
time.  Angle  motion  of  the  target  is  accomplished  by  attaching  the  horn  of 
the  AN/UPM-li  to  the  end  of  a  movable  arm  and  feeding  the  born  through 
a  rotating  feed. 

Because  of  the  short  ranges  involved  the  radar  transmitted  power  Is 
reduced  by  means  of  a  directional  coupler  and  a  dummy  load.  The  short 
range  also  reduces  the  required  power  level  of  the  Jamming  sources,  and 
makes  possible  the  testing  of  some  Jamming  signals  which  may  not  yet  be 
available  at  power  levels  required  under  field  conditloiu. 

Fur  exiunpic  using  a  low  power  klystron  as  the  primary  source  it  is  rela¬ 
tively  easy  to  produce  (References  31  and  30):  frequency  modulation  of  the 
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klyatron  by  t  wide  variety  of  waveforms^  including  nolae,  up  through  video 
frequenclea;  amplitude  m^ulation  at  high  audio  frequenciea  by  using  ferrite 
modulators;  suppressed  carrier  AM  by  video  frequency  or  1-f  signals  or  noise 
by  means  of  balanced  mixers;  single  sideband,  suppressed  carrier  AM  by 
video  or  l-f  signals  or  noise  by  means  ot  a  modified  balanced  mixer. 

Of  course  other  Jamming  signals  can  be  generatcdi  using  traveling  wave 
tubes  and  carcinotrons,  etc. 

Miosunmeni  of  Jamming  to  Signal  Ratio.  The  ratio  of  total  jamming 
power  to  peak  signal  i;K)wer  Is  easily  measured  at  the  feed  of  the  repeater 
jamming  horn.  If  a  calibrated  attenuator  Is  used  to  Vfiry  the  jamming  level, 
the  jamming  power  can  be  read  with  a  bolometer  at  one  attenuator  setting 
and  other  Mttlngs  related  to  it. 

One  technique  for  measuring  signal  power  at  this  point  is  to  fix  the  radar 
receiver  gain,  noting  the  peak  signal  amplitude  at  video,  then  substituting  « 
calibrated  signal  generator  for  the  UPM-11  and  noting  the  output  level 
which  the  signal  produced  at  the  radar  video  equals  that  previously  obtained 
from  the  UPM-11.  The  signal  generator  can  easily  checked  against  the 
bolometer  used  for  the  jammer  power  measurement. 

If  a  comparison  is  desired  of  signal  power  and  that  portion  of  the  jamming 
power  which  falls  within  the  radar  receiver  pastband,  the  mean  square  output 
of  the  r«dar  l-f  amplIAer  can  be  measured  with  a  cathode  follower  and  an 
r-f  thermocouple.  Since  only  a  comparison  of  signal  and  jamming  power  is 
required,  It  is  not  necessary  to  calibrate  the  device.  With  the  jammer  turned 
off  a  signal  power  reference  is  obtained  by  noting  the  thermocouple  output 
due  to  it  c-w  signal  of  the  same  level  as  the  peak  of  the  pulse  signal  used 
above.  The  jammer  output  level  is  adjusted  with  the  calibrated  attenuator  to 
cause  the  same  thermocouple  output  (with  the  signal  off)  and  the  attenuator 
reading  noted.  With  this  attenuator  reading  giving  unity  J/S,  other  readings 
can  easily  be  related  to  it.  Of  course  saturation  of  the  radar  receiver  should 
be  avoided  during  the  power  measurement. 

14*4  The  Communlcailont  Jamming  Problem 

The  problems  of  communications  jamming  differ  from  those  of  radar  jam- 
ning  In  several  respecta.  For  example,  the  Jamming  transmitter  does  not 
necessarily  have  a  distance  advantage  over  the  desired  signal  transmitter  in 
the  communications  case,  whereas  In  the  radar  case  the  Jantmlng  transmitter 
can  take  advantage  of  the  two-way  transmission  requirements.  Further,  the 
communications  signals  in  general  have  had  their  power  conomtrated  in  much 
smaller  portions  of  the  spectrum,  although  with  spread-spectrum  techniques 
seeing  increasing  application,  this  may  not  be  true  in  the  future. 
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Two  inodoi  of  radio  commussications  which  art  important  in  modtrn 
warfare  arc  voice  and  coded  data  links.  In  the  gross  aspect,  both  of  these 
modulations  are  of  continuous-wave  type  rather  than  being  of  a  pulsed 
character. 

Data  link  Jammlnf 

It  is  dihkult  to  generalise  about  the  characterlitia  of  pulse-coded  data 
link  systems.  less  laboratory  evalustion  work  has  been  done  with  £CM 
than  In  the  voice  communications  case.  It  can  probably  be  assumed  that  the 
dMigners  of  these  systems  have  taken  precautions  to  use  utmost  time  and 
bandwidth  economy  to  transmit  the  desired  mMsage.  However,  they  still 
have  the  advantage  in  wide  latitude  of  tradc-olT  between  message  apeed  and 
bandwidth.  Military  data-iink  systems  in  the  United  States  have  abown  in** 
dividual  channel  bandwidth  differences  of  a  thousand  to  one,  with  correspond¬ 
ing  variations  In  total  message  time.  Systems  in  which  individual  channel 
bandwidth  is  very  small  generally  employ  frequency  multiplexing  as  well  u 
tinM  multiplexing  to  reduce  the  complexity  of  the  system  whereas  with 
broadband  systems,  time  multiplexing  sufAcei. 

Present  systems  are  almost  completely  nonredundant  because  of  the 
elementary  state  of  the  data-link  art,  but  future  systems  may  well  contain 
u  much  redundancy  u  is  consistent  with  the  amount  of  traffic  to  be  handled 
by  each  channel.  Presently,  since  the  systems  are  able  to  accept  only  signals 
conforming  to  a  rigid  set  of  time  speciftcatlons,  they  are  vulnerable  to  any 
sufficiently  strong  extra  energy  pulse  placed  in  the  message  bandwidth 
during  the  message  time.  The  effect  of  such  interference  is  to  cause  rejec¬ 
tion  of  all  signals  so  disturbed.  It  is  ver>*  doubtful  whether  ‘intelligent’*  Jam¬ 
mers  which  falsify  the  victim  message  are  feasible.  This  is  because  of  the 
high  degree  of  intelligence  information  which  would  be  required  and  because 
of  the  high  degree  of  timing  accuracy  with  which  the  Interfering  signal 
would  have  to  be  Injected  in  order  not  to  interfere  with  the  various  parity 
checks  in  the  victim  signal. 

The  addition  of  higher  power  trsnsmltteri  and  more  directive  antennas  to 
the  diu-llnk  eyatems  will  result  in  proportionately  higher  power  required  of 
the  ECM  i  oment,  particularly  In  situations  where  receipt  of  an  answer 
by  a  ground  station  is  not  necessary  for  continuous  information  flow.  Ground 
station  powers  may  eventually  become  so  great  that  airborne  data-Unk  Jam¬ 
mers  are  no  longer  feasible. 

14.4.2  Voice  Communlcationa  Jiiniming 

Tbe  problem  of  denying  the  enemy  utilization  of  the  electromagnetic  spec¬ 
trum  for  communication  purposes  Is,  like  other  aspects  of  the  countermeaa- 
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urM-countercounUrmcwum  gtme,  chio^ing  ai  w  communicAtion^  t«ch- 
nlquet  becomt  «n  intefral  p&rt  of  millun'  icture.  The  development 
of  iprcAd-ipectrum  and  noiMlike  modulation  ichemee,  together  with  more 
eophUtkated  correlation  methodf  for  collapsing  a  broad  spectrum  back  down 
into  a  narr^^  bandwidth  and  bringing  the  signal  up  out  of  the  natural  noise 
or  the  jamming  signal  have  changed  the  Jammer's  problem  from  that  of  In¬ 
tercepting  and  identifying  a  fairly  narrow-band,  high  slgnal-to-nolse  ratio 
situation  to  one  of  distinguishing  a  pseudorandom  process  from  truly  random 
noise  and  devising  a  Jamming  technique  which  will  be  effective  in  rendering 
such  a  signal  useless  at  the  intended  receiver  wh<ire  an  appreciable  amount 
of  a  priori  informatiion  regarding  the  signal  exiiu.  Such  trends  require  that 
the  Jammer  have  available  more  complete  information  on  the  target  signal 
in  order  to  accomplish  its  mission.  Sophistication  in  Jamming  techniques  be¬ 
comes  necessary  simply  because  of  the  difficulty  of  utilising  brute  force 
methods  throughout  the  frequency  spectrum. 

However,  considering  the  very  large  number  of  communication  systems 
employing  cunventional  AM  and  FM  methods,  it  Is  well  to  examine  also  the 
Jamming  of  sticli  systems  and  the  attendant,  problems  of  e^iluating  Jamming 
effectiveness. 

14t4t2tl  TheoroticaJ  Conslderatloua 

Hok  (Reference  53)  has  shown  that  the  theoret!cal]y  attainable  Jamming 
effectivenesi  grows  directly  with  the  available  statistical  and  exact  historical 
information  about  the  target  signal.  Utilisation  of  this  information  in  pro¬ 
duction  of  an  effective  Jamming  sigrul  results  In  specialised  and  elaborate 
Jamming  equipment  with  a  resultant  increase  in  the  equipment’s  vulnerabil¬ 
ity  to  changes  introduced  in  the  target  aystem.  Repeaters  and  memory 
devices  represent  a  trend  toward  such  equipments  insofar  as  they  attempt 
to  make  use  of  the  information  available  to  them  and  try  to  become  par- 
tially  predictive  in  their  operation. 

llte  study  of  optimum  Jamming  signals  is  dominated  by  those  signals 
having  a  gausslan  amplitude  distribution  bec4vse  it  has  the  highest  entropy 
of  any  distribution  of  given  average  power,  as  well  as  providing  the  largest 
entropy  Intersection  attainable  with  any  other  energy  distribution,  such  as 
that  of  the  target  signal  (Refeience  53).  The  effect  of  the  Jamming  is, 
desirably,  to  nutxlmlxe  the  uncertainty  at  the  receiver  as  to  what  target  signal 
was  transmitted. 

The  generation  of  gausslan  noise  at  appreciable  power  levels  in  various 
portions  of  the  communication  spectrum  has  always  been  a  major  problem 
and  so  studies  of  the  effectiveness  of  other  Jamming  signals,  such  as  are  repre¬ 
sented  by  carrier  waves  modulated  l>y  video  frequency  gausslan  noise  or 
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other  ilfniL^  have  been  of  intereit  (Reference!  54^  55  end  56).  Two  of  these 
sIgntSs  ere  commonly  referred  to  es  AM*by-noUe  end  FM-by-notee. 

On  e  theoreticel  besli,  Stewert  (Reference  56)  hes  concluded  thet  FM-by- 
noiie  is  superior  to  AM*by-noise  for  generel-purpose  Jemming  of  either  AM 
or  FM  communicetionSf  perticulerly  from  the  standpoint  of  existing  tech¬ 
niques  of  power  generetion. 

Theoreticel  studies  of  the  effectiveness  of  jemming  signals  mey  logically 
be  expected  to  have  made  excellent  use  of  the  work  of  Rice  end  Shannon 
(References  57  end  58).  Certainly  the  redaction  in  the  capacity  of  e  channel 
to  transmit  information  U  e  suitable  measure  of  the  effectiveness  of  Jemming 
or  of  the  resistance  of  tho  channel  to  Jamming  activity.  This  point  of  view 
was  manifested  In  part  in  Chapter  8  by  Tanner  in  the  dlKUSsion  of  ^'A 
System  Approach  to  the  Countermeasures  Prcblem.''  The  experimental  Justl- 
ftcation  of  the  methods  is  not  quite  so  clear-cut  because  of  the  difficulty  in 
controlling  or  specifying  all  of  the  variables  involved  in  test  runs  employing 
willful  operators.  Approaches  to  this  problem  are  treated  in  the  next  section. 

14.4.2.2  Evaluation  of  Jaru Jtfng  Effectiveness 

Each  of  the  several  constraints  characterising  military  communication 
systems — slgnal-to-noise  ratio,  limited  message  ensemble  sire,  coding  opera¬ 
tions,  feedback  from  receiver  to  transmitter,  redundancy,  time  for  message 
transmluion,  synchronisation,  type  of  modulation,  directivity  of  the  com¬ 
munication  link,  etc. — has  a  bearing  on  the  Jamming  effort  required  to  be 
effective.  A  simple  **yes’*  or  '^no"  is  more  difAcult  to  Jam  than  a  quotation 
from  a  Aeld  manual.  If  the  receiver  can  request  a  repetition  or  if  the  trans¬ 
mitter  can  switch  to  Morse  code  on  demand,  the  Jammer's  task  is  changed. 
It  therefore  becomes  necessary  to  dcAne  a  meaningful  teat  which  will  yield 
valid  Hi  well  as  reliable  results. 

The  time-honored  method  of  checking  communication  systems  Is  the  use 
of  the  firticulatlon  test.  Extensive  laboratory  testing  programs  (References 
59,  60,  61,  62,  63,  64,  and  65)  have  been  carried  out  using  the  conventional 
test  procedure  In  which  a  receiving  operator  writes  down  each  isolated  word 
he  hears  over  the  system  under  test  and  a  percentage  correct  is  obtained 
as  the  measure  of  trai^ismlssion  success  in  the  face  of  Jamming  or  interference. 
General  Electronic  Lsboratories  has  devf!o(>ed  an  articulation  testing  device 
which  yields  an  over-all  evaluation  of  the  system  without  the  necessity  for 
either  a  transmitting  operator  or  receiving  observer  (References  S9  and  63). 

One  approach  to  the  problem  attempts  to  remove  some  of  the  objections 
to  the  articulation  test  procedure,  these  being  the  lack  of  consideration  for 
the  time  of  message  transmission,  the  failure  to  allow  structure  or  redund¬ 
ancy  in  the  transmitted  message,  and  the  lack  of  opportunity  for  feedback  to 
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bm  incorporated.  All  of  theie  chiracteriiticf  appear  in  military  transmiaiiona. 
A  conaequence  of  theae  conaideratlona  was  tte  development  of  the  ^*Map 
Teat’’  at  the  Electrcuic  Defenae  Group  at  the  Univeraity  of  Michlfan.  The 
teet  la  adequately  covered  in  References  66^  67,  68,  and  69.  The  bulc  Idea 
it  represented  In  Figurea  14-21  and  14-22.  The  tranamlttlng  observer  aelecU 


Fxovat  ^4-21  Ba^k  communkatloni  lyittm 


Fiouai  14-72  Tha  EDO  diamond  map  4  for  rix  town  routn 


one  of  a  limited  ensemble  oi  972  possible  routes  on  a  grid  of  ^'towns'’  whose 
names  are  the  letters  of  the  phonetic  alphabet.  Each  route  of  six  towns 
reprceents  a  fixed  amount  of  information,  9.925  bits,  to  be  transmitted  in 
a  minimum  (and  measured)  amount  of  time  when  Jamming  is  being  utilised. 
The  receiving  operator  records  the  route  received  on  a  similar  grid.  Various 
forms  of  feedback  may  be  employed,  such  as  a  noise-free  channel,  a  Jammed 
channel,  a  low-capacity  channel  with  a  light  to  signal  the  transmitting  oper> 
ator  to  proceed  with  the  tranimiaslon.  The  limited  choice  available  to  the 
transmitter  at  each  grid  intersection  Is  representative  of  the  structured 
redundancy  of  the  map;  the  receiving  operator  knows  that  only  a  limited 
choice  is  possible.  The  meuured  time  for  transmission  can  be  taxen  as  the 
Jamming  effectiveness  measure  for  each  J/S  ratio  and  for  each  experimental 
arrangement  of  parameters.  By  way  of  reference,  a  six-town  map  can  be 
transmitted  in  the  clear  in  about  two  seconds  by  trained  observers;  If  they 
require  more  than  twenty  seconds  for  tran^^mlsslon  under  jamming  conditions, 
they  stand  a  very  small  chance  of  getting  the  message  through  at  all.  The 
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tcit  gives  excellent  qufintlttllve  reiulU  in  the  Uboritory.  Some  examples  of 
the  effectiveneu  o(  various  types  of  Jamming  of  AM  uni  FM  systems  as 
found  In  this  type  of  test  are  given  in  Figures  14-25  and  14-24. 


The  jamming  of  conventionrl  modulations  such  as  AM  and  FM  has  been 
well  covered  since  World  War  II  (References  70^  71,  72,  75,  74,  and  75)  and 
Jammers  employing  noise  or  other  random-character  modulations  for  fre¬ 
quency  modulation  of  an  r=f  carrier  have  been  shown  to  be  effective  under 
ordinary  circumstances.  The  effects  of  lack  of  set-on  accuracy  on  the  part  of 
the  Jammer  (Figure  14-25),  the  determination  of  optimum  Jammer  para¬ 
meters  for  specified  situations,  and  the  effects  of  receiver  counter-counter- 
measures  tactics  have  been  studied  in  detail.  While  no  one  set  of  numbers  can 
be  employed  to  cope  with  all  field  situations,  the  Figures  14-25  and  14-26 
represent  some  special  cases,  the  former  illustrating  the  effect  of  Jammer  off¬ 
set  in  frequency  with  modulation  parameters  optimised  for  each  misalign¬ 
ment  value  wher  working  against  an  AM  receiver,  the  latter  showing  a  case 
against  an  FM  receiver,  the  capture  effect  being  noticeable  for  the  continuous 
Jamming  signal  but  being  comparatively  ineffective  when  used  in  a  50  per¬ 
cent  duty  cycle.  It  may  be  expected  tha*  actual  field  situations  will  require 
lower  values  of  J/S  b^ause  of  the  many  nuisance  factors  at  work  against 
the  target  channel. 
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Qi  concern  in  rKtnt  ypitri  hu  been  the  dUcovery  that  a  target  FM  receiver 
may  detune  from  hii  own  intended  transtniuion,  and  thereby  from  tbs  Jam* 
mer  who  can  oniy  ueume  a  properly  tuned  syttem  against  which  to  (^rate, 
and  be  able  to  read  through  extremely  high  Jamming  levels  (in  terms  of  J/S 
at  the  receiver  terminals)  with  iittle  difAculty.  This  situation  is  depicted  in 
Figure  14*27  which  shows  laboratory  data  (or  a  working  r*f  link  subjected  to 

FM*by*nGiu  Jamming,  It  is  ap* 
parent  that  the  effectiveness  of  the 
Jamming  decreases  u  the  receiver  is 
detuned  to  the  region  of  the  back 
slopes  of  the  over-all  receiver  char¬ 
acteristic.  In  view  of  the  very  iarge 
amount  of  FM  equipnMnt  in  use, 
this  effect  is  a  significant  threat. 
Hellwarth,  Rothschild  and  Rots 
have  studied  this  situation  and 
concluded  that  a  time-sampling 
phenomenon  is  at  work,  permitting 
Fiouss  S4-J7  M«p  t«t  refulti  ihawlni  the  „mples  of  the  intended  tranimis- 
poMibl.  Severity  of  th«  detuning  effect  ^ 

Jftmming  lignal  Is  out  of  the  passband  of  the  receiver.  Statistically,  this 
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occuri  often  enough  for  normRl  modulation  ichemei  lo  that  the  receiver  ie 
able  to  construct  an  intelllgibie  inesaagt  at  Urge  J/S  ratios.  This  work  Is 
treated  extensively  In  References  76  and  77. 

A  means  of  combating  the  detuning  effect^  at  the  expense  of  Jammer  com¬ 
plexity  and  J/S  ratlOp  Is  to  arrange  to  have  a  Jamming  signal  in  the  re¬ 
ceiver’s  pauU  id  all  of  the  time  (Reference  76).  Figure  14-28  illustrates 


FtauRK  14-3S  Amplitude  fptctrt  ol  Jaoimini  ilfnaU  uied  to  defnt  detuning 


three  techniques  for  accomplishing  this  task.  While  the  detuning  scheme 
cannot  be  employed  against  r-f  noise  jamming,  or  DINA,  a  barrage  jammer  of 
this  type  requires  several  time:  as  much  power  as  the  hrst  two  alternatives 
given  In  the  Hgure.  The  third  approach  requires  two  separate  transmitters, 
synchronously  modulated  by  a  video  noise  signal. 

Detuning  of  an  AM  receiver  Is  not  an  effective  counter-countermeasures 
technique. 

Because  look-through  on  the  part  of  the  Jammer  is  often  desired,  and 
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becAiiso  all  look-lhrough  equipmenU  involvt  a  sampling  of  tha  target  trans* 
mission,  the  question  of  effectiveness  of  Jamming  which  Is  tlme^sharcd 
arises.  It  has  b^n  shown  (Reference  7B)  that  the  effect  of  one  type  of  time- 
sharing  of  FM-by-noiie  is  to  degrade  the  effectiveness  of  the  Jamming. 
Figure  14-29  niustrates  this  situation  for  various  duty  cycles  of  the  Jammer. 

The  deshibility  of  having  some 


knowledge  of  target-llnk  behavior 
when  subjected  to  Jamming  led  to 
the  development  of  a  continuous- 
monitor  Jamming  system  which 
used  the  Jamming  signal  as  a  local 
oscillator  and  synchronous  control 
signal  so  that  a  visual  display  pro- 
vlded  continuous  information  as  to 
whether  the  victim  had  left  the  air 
or  not.  Another  feature  was  audible 
read-through  so  that  an  additional 
evaluation  of  the  effectiveness  of 
the  Jamming  could  be  aKertained 
frdm  the  victim  transmission  and 
feedback.  This  work  Is  covered  In 
Reference  79. 

At  this  writing  two  of  the  current 
problems  in  the  study  cf  Jamming 
effectiveness  center  around  single- 
sidebsnd  ar^d  pseudorandom  trans¬ 
missions.  The  former  method  of  radio  communication  b  well-known, 
although  the  problem  of  Jamming  such  signals  is  only  now  becoming  of 
concern  because  of  the  Increasing  adoption  of  SSD  techniques  by  mliltnry 
organisations. 


fiovRS  14-29  Tlm«-ihsr«d  PM-by^noUe  J«m 
mini  eff«ct  ot  changing  duty  cycb 


Pseudorandom  techniques  are  being  found  Increasingly  in  radar,  communi¬ 
cations  and  control  systems  (Reference  80).  They  are  being  used  for  one 
or  more  of  three  possible  special  objectives:  an  A-J  advantage,  signal  hiding, 
or  message  security,  The  first  objective  concerns  working  satisfactorily  in  the 
presence  of  a  large  amount  of  Jamming.  The  second  considers  an  attempt  to 
avoid  detection  by  a  nonintended  receiver.  7‘he  third  relates  to  encoding 
properties  which  may  accrue  from  the  use  of  deterininlsHc  signals  resulting 
from  an  application  of  a  linear  shift-register-generated  sequence. 

In  one  form  of  employment  (Reference  81),  ‘‘cither  one  of  two  waveforms 
is  broadcast  from  the  transmitter;  the  receiver,  which  is  generating  the  exact 
same  sequence  in  synchronism  with  the  transmitter,  crcsscorrelates  Its  Inter- 
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na!!y  generatea  waveform  with  the  incoming  signal  to  determine  which  of  the 
two  was  broadcast*  The  peculiar  advantages  of  the  digitally-ienerated  wave¬ 
form  in  this  application  are  that  the  resulting  waveform  has  a  wide 
bandwidth,  the  power  is  nearly  uniform  throughout  the  bandwidths,  and  the 
autocorrelation  function  is  appro^tlmately  zero  outside  of  the  narrow  peak  at 
zero  delay.^’ 

It  is  apparent  that  the  intended  receiver  already  has  a  great  deal  of 
knowledge  about  the  signal  being  transmitted.  This  aggravates  the  Jam¬ 
mer’s  problem  in  many  cases  if  synchronism  has  been  established  because  of 
the  possibility  that  the  signal  may  be  spread  over  an  appreciable  portion 
of  th  '‘:)cctnim  or  may  be  so  far  down  in  the  ambient  noise  as  to  be  diffkult 
to  detec  snd  identify  as  one  which  should  be  jammed.  Such  a  sophisticated 
system  win  lulre  sophisticated  jamming  tcchniquH  if  it  is  to  be  other  than 
brute  force  in 

The  bibliography  on  this  chapter  will  be  found  to  contain  nuiny  references 
whose  titles  will  suggest  other  aspects  of  the  jamming  effectiveness  studies 
which  have  taken  place  In  recent  years. 
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15tl  Introdnction 

Since  A^orld  War  II,  a  large  and  Important  group  of  countermeasure! 
technique!  hu  been  developed  which  ii  baaed  on  the  ladiation  of  deceptive 
signals  simulating  radar  target  echoes.  In  comparison  with  less  sophisticated 
techniques  such  as  fifx>t  and  barrage  Jamming,  these  newer  approaches  are 
very  attractive  from  the  standpoint  of  average  power  requirement  and  hence 
result  in  equipments  which  are  light  in  weight  and  small  in  sise.  Repeaters 
and  transponders  make  use  of  more  of  the  characteristic  Information  of 
the  signal  to  be  countered  and  thus  can  be  more  efficient  in  '^getting  into’’ 
the  radar  receiver  involved.  In  working  against  pulsed  radars,  for  example, 
a  repeater  utilises  the  time  of  arrival  of  individual  pulses  to  determine 
the  time  of  transmission  of  similar  echo-like  signals.  The  duty  factor  of  the 
output  stage  of  the  repeater  or  transponder  will  thus  be  comparable  with 
the  duty  factor  of  the  radar  being  deceived:  ’’one-way”  Jammers  (spot,  swept, 
barrage)  must  have  a  continuous  power  output  roughly  equal  to  the  peak 
output  of  the  repeater  or  transponder. 

Before  proceeding  wUh  the  discussion,  definitions  of  the  terms  ”rei>eater” 
and  ’’transponder”  wll!  be  given  which  are  descriptive  of  such  arrange¬ 
ments  when  used  in  electronic  countermeasures. 

Repeater:  A  receiving-transmitting  system  which,  during  at  least  a 
portion  of  Its  program  of  operation,  automatically  amplifies  and  reradiates 
the  signal  received  at  its  input. 

Transponder:  A  receiving-transmitting  system  which  does  not  possess 
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th«  ^^ftralgbt-through”  feature  of  the  repeater^  but  dependi  Instead  upon 
some  frequency  memory  or  tuning  procedure  to  effect  transmission  at  the 
approximate  frequency  of  the  input  signal. 

It  should  be  emphuised  that  these  definitions  are  somewhat  arbitrary 
and  are  formulated  for  maximum  convenience  with  regard  to  the  counter^ 
measures  art.  A  particular  concession  In  this  direction  is  involved  in  the 
repeater  definition.  As  will  be  shown  later,  systems  of  importance  exist 
which  start  their  ‘‘program”  as  straight-through  repeaters  and  finish  in 
a  transponder  mode  employing  frequency  memory.  By  definition,  such 
arrangements  will  be  called  repeaters. 

The  development  of  effective  countermeuures  equipment!  employing 
repeater  and  transponder  techniques  has  becoma  possible  with  the  availability 
of  wideband  VHF,  UHF  and  microwave  amplifiers  and  oKilUters.  De¬ 
vices  of  fundamental  importance  to  the  new  technIquM  include  distri¬ 
buted  amplifseri,  traveling  wave  tubes  (TWTs),  backward-wave  oscillators 
^BWOs)  or  carcinotroni,  and  voltage- tunable  magnetrons.  Distributed  am¬ 
plifiers  are  now  quite  commonplace  and  are  treated  in  the  literature  of 
References  t  and  2.  The  various  microwave  tubei  enumerated  above  are 
discussed  in  Chapters  26  and  27. 

As  Indicated  previously,  the  common  denominator  of  all  systems  In  the 
repeater-transponder  category  is  their  use  of  deception  or  confusion  to 
counter  the  radar  equipments  which  they  operate  against.  Very  real  ad¬ 
vantages  over  so-called  “brute  force”  techniques  are  available;  (1)  The  low 
average  power  output  requirements  generally  result  in  equipments  of  modest 
itse,  weight,  and  power  consumption.  (2)  In  many  situations,  the  successful 
operation  of  the  equipment  results  in  the  desired  nullification  of  the  radar 
without  betraying  the  fact  that  countermeuures  arc  being  employed.  This 
latter  performance  characteristic  can  be  extremely  important,  for  it  means 
in  effect  that  the  ensmy  I*  accepting  Incorrect  information  and  U  being  de¬ 
ceived.  In  the  presence  of  spot  or  barrage  Jamming,  on  the  other  hand, 
the  enemy  realliec  that  he  Is  being  Jammed  and  finds  that  the  information 
which  he  seeks  is  being  denied  him.  He  can  then  attempt  to  obtain  the  In¬ 
formation  he  wants  by  other  techniques  (radars  in  other  frequency  bands, 
trlangulatlon  on  the  Jamming  signal,  etc.). 

To  auume  from  this  that  all  the  advantages  lie  with  repeater  techniques, 
however,  would  be  very  dangerous  indeed.  Brute-force  methods  offer  one 
extremely  Important  advantage  not  generally  shared  by  repeaters  and  trans¬ 
ponders;  it  may  be  descrll>ed  by  a  single  word:  universality.  A  noise- 
modulated  signal  of  adequate  power  will  obKure  a  target  to  all  types  of 
radar  equipments.  A  pulsed  reply  of  particular  characteristics,  on  the  other 
hand,  may  be  expected  to  constitute  an  effective  countermeasure  only  against 
a  cpecific  class  of  radars.  Equipments  employing  repeater  techniques  thus 
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must  have  their  performance  characterise  lea  tailored  to  perform  given 
functions  (though  several  operating  modes  may  be  combined  in  a  cingle 
equipment).  Although  the  limitation  of  nonuniversality  makes  It  necessary 
to  obtain  Intelligence  information  to  aKertain  the  characteristics  of  the  enemy 
rsdars  and  restricts  the  usefulneu  of  a  given  equipment,  the  unique  au- 
vantages  of  deception  and  confusion  systems,  when  properly  used,  make 
them  an  increasingly  important  part  of  the  total  countermeasures  art. 

In  Section  15.2,  the  parameters  of  the  repeater-transponder  problem  are 
discussed,  showing  the  relationships  between  systems  gain,  operating  fre¬ 
quency,  and  target  cross  section  and  radar  and  Jammer  output  powers,  radar- 
jammer  range,  and  antenna  gains.  Section  15.3  is  devoted  to  the  arrange¬ 
ment  of  the  r-f  circuitry  of  typical  repeaters  and  transponders.  Section  15.4 
treats  the  common  deception  techniques  In  use  today,  with  a  discussion 
of  the  general  nature  of  circuit  arrangements  which  will  produce  the  various 
deceptive  modulations. 


1S.2  Parameters  of  the  Problem 

To  establish  the  possibility  of  deceiving  an  active  system  by  means  of 
repeater  or  transponder  techniques,  the  deception  system  must  possess  ade¬ 
quate  gain  and  powtr  output  capability  to  provide  a  signal  at  the  radar 
receiver  Input  which  is  at  least  commensurate  with  the  true  echo  signal 
received  from  the  countermeasure-equipped  target.  The  gain  and  power 
requirements  may  be  separated  conveniently  since  they  depend  upon  Mveral 
di^erent  parameters. 

The  total  gain  requirement  is  directly  determined  by  three  considerations: 


1.  The  effective  radar  cross  section  of  the  countermeasure-equipped  target. 

2.  The  Jamming-to-echo  signal  ratio  (J/S  ratio)  required  to  produce 


the  desired  effect  at  the  radar. 
3.  The  frequency  of  operation. 


Fiouss  15*1  SyiUm  Cfsln  Ru- 
quired  for  Unity  J/S  Ratio 


A  plot  of  the  system  gain  require¬ 
ment  to  produce  unity  J/S  ratio  at 
the  radar  is  given  in  Figure  15-1. 
The  chart  Is  used  by  locating  the 
intersection  of  operating  frequency 
and  target  cross  section  lines  and 
interpolating  the  system  gain  from 
the  adjacent  constant-gain  lines. 
Thus  for  a  target  cross  section 
of  100  square  meters  and  an  operat¬ 
ing  frequency  of  100  megacy^s  per 
second,  a  gain  of  approximately  62 
decibels  is  required  for  unity  J/S.  If  a 
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faikly  typical  J/S  of  10  decibels  were  desired,  the  corr«ipondi»g  system 
gain  requirement  would  be  72  decibels.  The  total  system  gain  thus  deter¬ 
mined  includes  receiving  and  transmitting  antenna  gains  referred  to  an 
isotropic  radiator  os  well  as  the  net  ^‘electronic/*  gain  in  the  repeater  proper. 
Thus,  if  horn  antennas  having  10  decibels  gain  were  used  for  transmitting 
and  receiving  at  th;^  repeater,  the  active  gain  requirement  in  the  above 
example  would  be  72  minus  20  or  52  decibels. 

The  system  gain  requirement  is  aimply  the  ratio  of  the  effective  radar  cross 
section  to  be  simulated  to  the  capture  area  of  an  isotropic  radiator.  For  the 
unity  J/S  condition  plotted  in  Figure  15-1,  the  required  power  gain  li  given 
by 


C=  1.4X  (15-1) 

where  A^it  the  target  cross  section  in  square  meters  and  P  is  the  operating 
frequency  in  megacycles  per  second.  The  gain  requirement  u  developed  in 
the  example  above  must  frequently  be  considered  to  be  a  minimum  value 
which  is  reached  as  the  radar-to-target  range  decreases  to  the  smallest 
separation  at  which  the  postulated  J/S  ratio  Is  to  be  obtained.  In  all  systems 
In  which  saturation  (power  limiting)  is  approached  or  achieved  at  this 
closest  point  of  approach,  the  system  gain  will  decrease  with  decreasing  range. 
Thus,  achievement  of  the  desired  gain  at  minimum  range  will  result  in 
a  gain  in  excess  of  the  required  value  for  large  ranges.  Allowance  must  be 
made  for  this  “excess  gain**  in  all  systems  depending  upon  isolating 
mechanisms  to  prevent  loop  oscillation. 

The  maximum  power  output  that  must  be  developed  by  the  equipment 
Is  determined  by  the  following  factors; 

1)  The  effective  radar  cross  section  of  the  countermeasures-equipped 
ta  ,:et. 

2)  The  J/S  ratio  required  to  produce  the  desired  effect  et  the  radar. 

3)  The  power  gam  of  the  countermeasure  transmitting  antenna. 

4)  The  effective  radiated  power  (ERP)  of  the  radar  to  be  countered. 

5)  The  minimum  range  at  which  the  countermeasure  is  to  perform. 

Items  1  and  2  determine  hew  large  an  apparent  target  the  equipment  must 
simulate  and  are  identical  to  the  first  two  considerations  previously  stated 
for  gain  determination.  Item  3  is  conveniently  thought  of  as  establishing 
the  transmitting  antenna  cross  section  with  which  the  desired  apparent  target 
size  must  be  simulated.  Items  4  and  5,  in  conjunction  with  1,  deternilne  the 
true  target  echo  power  with  which  the  countermeasure  must  comt>ete. 

The  calculation  of  the  power  output  requirement  may  be  carried  through 
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•I  followi:  (1)  Dctermins  the  incident  power  densil}'  at  the  target  by  meani 
of  the  relation 

watti  per  square  meter  ( I S-2 ) 

where  P,  and  Gf  arc  the  output  power  in  watts,  and  the  antenxta  power  gain 
of  the  radar  to  be  countered  and  J?  Is  the  radar-to*tar|et  range  in  meters.  (2) 
Find  the  apparent  reradlated  (target  echo)  power  by  multiplying  the  power 
density  by  the  radar  cross  ieciicu  (<»)  t  (Th!*  power  is  that  which, 

if  radiated  at  the  target  by  an  isotn^ic  antenna,  vrould  produce  a  signal 
at  the  radar  equal  to  that  due  to  reflection  from  the  target.)  (3)  Find  the 
"electronic”  power  output  (Pt)  required  of  the  countermeasure  by  multiplying 
the  reradlatel  power  from  step  (2)  by  the  J/S  ratio  desired  and  dividing 
by  the  gain  of  the  transmitting  antenna  (C,)  referred  to  an  isotropic  radiator. 
Tile  above  series  of  steps  may  be  combined  to  give  the  following  expression: 


_  _  PrGrV  .  / 

T' 


Fiourb  15-2  Efftetivt  RRdUttd 
Rspcttir  ?ow«r  for  Unity  J/S 
Ratio 


(15-3) 

Equation  (15-3)  hu  been  utlllied 
to  develop  Figure  15-2.  In  thli 
plot,  normallaed  values  of  1  square 
meter  for  target  cross  section  and 
urslty  J/S  ratio  have  been  utilised. 
The  use  of  the  chart  Is  readily 
understood  by  following  through  an 
example.  Assume  the  following  par¬ 
ameters: 

Pr  .*=  250  kw  (+54dbw) 

Gr  =  2250  (32  db) 

R  =  10  nautical  miles 

</  100  m>  (-f20db) 

J/S  =  10  (lOdb) 

Gt  10  (lOdb) 


The  combination  of  /%  and  Gr  gives  an  ERP  for  the  radar  of  +85  dbw.  An 
ordinate  of  this  value  and  an  abscissa  of  10  miles  yields  a  normalised  ERP 
of  —11  dbw.  This  is  converted  to  equipment  power  output  by  adding  20 
db  for  the  assumed  100  square  meter  radar  cross  section,  adding  10  db 
for  the  desired  J/S  ratio,  and  subtracting  10  db  for  the  countermeasure 
transmitting  antenna  gain.  The  re(]uired  power  output  is  thus  —11  dbw  + 
20  db  =  +9  dbw  or  8  watts. 


IS-6 


ELECTRONIC  COUNTERMEASURES 


For  th«  hypothetical  iltuatlon  aisumed  In  the  example  Just  carried  tbroughf 
the  minimum  gain  and  power  output  requirements  for  the  equipment  have 
been  entablished  at  the  minimum  range  at  which  tpeclAed  performance  !i  re** 
quirtd.  With  tliese  two  quantities  determined,  the  minimum-ranfe  input 
signal  may  be  found  directly.  The  Input  signal  to  the  repeater  is  equal  to  Its 
■'equired  power  output  (+9  dbw)  less  the  required  electronic  gain  (52  db). 
Referring  the  output  power  to  a  milliwatt,  Fu  =  +39  dbm  —  52  db  = 
”-13  dbm  for  the  example  cited.  As  the  range  is  changed,  the  output  power 
required  varies  in  accordance  with  20  logio  (/^s/^Oi  corresponding  to  a 
20  db  change  for  a  10  to  1  range  variation.  The  corresponding  input  signal 
power  will  vary  in  the  ume  way  with  range,  whereas  the  required  gain  will 
remain  constant. 

With  all  parameters  of  the  problem  specified,  the  minimum  ijaln  and 
minimum  output  power  u  determined  above  may  be  said  to  be  ^^consistent.*’ 
That  Is,  an  equipment  designed  with  gain  and  power  output  capabilltlei  pro¬ 
portioned  M  indicated  will  become  gain-  and  power-limited  simultaneously 
as  range  decreases  to  tlie  value  utilised  in  the  design.  If  similar  performance 
is  then  required  at  a  smaller  range  or  against  a  more  powerful  radar,  for 
example,  a  proportional  increase  in  both  the  gain  and  power  output  of  the 
repeater  will  be  required. 

IStS  Baele  Radio  Frequency  Systetne 

In  this  section,  several  of  the  basic  arrangements  will  be  considered  by 
means  of  block  diagrams,  followed  by  a  deKrlption  of  the  various  tech¬ 
niques  and  devices  currently  utilised  for  signal  amplification. 


ISiSil  Stralfhl-Tbroufh  Repeatera 

The  simplest  r-f  arrangement,  conceptually ,  and  one  of  coiuilderable  prac- 


riauKS  15-3  Slriisht-Through  Wldt- 
Open  Repfutcr 


tical  importance,  is  shown  In  the  block 
diagram  of  Figure  15-3.  Thin  configura¬ 
tion  Is  referred  to  as  "straight  through" 
because  the  signal  is  received,  amplified, 
and  reradiated  without  frequency  trans¬ 
lation.  It  is  "wide  open"  in  frequency  in 
the  tense  that  it  it  receptive  at  all  times 
to  input  signals  anywhere  within  its 


operating-frequency  range.  A  fundamental  (and  frequently  difficult)  re¬ 
quirement  of  this  arrangement  is  that  the  decoupling  or  Isolation  between 
receiving  and  transmitting  antennas  must  exceed  the  active  gain  at  all  fre¬ 


quencies.  If  this  requirement  is  not  met,  the  system  will  oiiclllate  at  one  or 
more  "natural"  frequencies  determined  by  the  amplitude  and  phase  char¬ 


acteristics  of  the  complete  loop. 
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For  fionio  decftpiion  lyiUmi,  It  m^iy  be  necemry,  deilrtblei  or  both,  to 
operate  or  a  iweepisig  narrow-band  bull  rather  than  on  the  continuously 
wide-open  basil  discussed  above.  ThuSi  If  a  number  of  c-w  lignais  are  present 
simultaneously  and  can  be  countered  effectively  by  periodic  replies  from 
the  repeater,  this  arrangement  may  be  advisable.  The  peak  output  capability 
of  the  equipment  is  thereby  reduced  to  that  required  to  handle  a  single  signal, 
and  problems  of  small-signal  suppression  are  largely  eliminated. 

In  its  simplest  form,  such  a  system  would  appear  as  the  straight-through 
repeater  of  Figute  15-5,  wiuh  ^e  addition  of  a  swept  narrow-band  Alter 
(perhaps  a  motor-driven  cavtcy)  in  Hriei  with  the  amplIAer  chain  ahead 
of  the  output  stage.  A  more  elegant  f^^ronch,  potsessing  several  advan¬ 
tage^  'er  the  simple  swept  Alter  ar- 
rangemet.  ^  ilb  .jtrated  in  Figure  35-4. 
The  Incoming  jjgnaU  are  Arst  ampli- 
Aed,  then  translated  by  means  of  a 
ml%er  and  swept  local  (M»cillator  to  a 
convenient  Intennediate  frequency. 
Most  of  the  required  system  gain  is 
achieved  by  a  narrow-band  i-f  ampli- 
Aer,  after  which  the  signal  Is  translated 
back  to  the  received  fr^uency  by 
mesRS  of  a  second  mixer  and  the 
common  local  oscillator.  This  ampll- 
Aed  signal  Chen  drives  the  broadband 
power  output  stage  and  the  signal  U  rcradlated.  In  this  arrangement,  only 
a  small  portion  of  the  total  gain  must  be  achieved  on  a  broadband  basis, 
simplifying  the  circuitry.  A  second  advantage,  to  be  dlKUssed  in  more  de¬ 
tail  later,  is  that  delay  may  be  conveniently  Introduced  in  the  !-f  section 
to  cause  a  shift  of  the  transmitted  signal  frequency  with  respect  to  that 
of  the  received  signal.  This  effect,  which  can  disrupt  the  operation  of  some 
active  systems  utilixing  doppler  shift,  results  from  the  change  in  the  output 
frequency  of  the  swept  local  oscillator,  which  occurs  during  the  time  re¬ 
quired  for  the  signal  to  pass  through  the  I-f  section. 

IStS.S  Gated  Repoatere 

In  applications  where  it  is  Impractical  to  obtain  sufAcient  isolation  between 
receiving  and  transmitting  antennas  to  prevent  repeater  oscillation,  or  when 
it  is  necessary  to  perform  both  the  receiving  and  transmitting  function  with  a 
single  antenna,  It  is  necessary  to  introduce  time  gating.  A  simple  gated  two- 
antenna  repeater  is  Illustrated  in  Figure  15-5,  and  its  operating  program  in 


Fiovsk  lS-4  Swept  Doubte  Con- 
veriion  Repeater 
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Figure  15-6.  Starting  at  the  beginnini 
of  a  receiving  period,  the  Input  amplifler 
iii  gated  and  the  output  ampliher 

gated  The  transmitting  period 

start!  at  the  end  of  the  receiving  period 
and  lasts  for  a  time  To,  at  which  time 
the  output  amplIAer  is  gated  For 
a  period  T],  both  output  and  input 
amplifiers  are  held  off.  This  time,  fre¬ 
quently  described  as  the  ^^cool-ofif  pe¬ 
riod/’  is  required  to  allow  direct  signals 
between  antennas  as  well  as  refiecilo^s 
from  nearby  objects  to  f&ll  below  the 
Input  amplifier  threshold.  The  length 
of  this  off  period  depends  upon  the 
characteristics  of  the  particular  re¬ 
peater  involved  and  the  environment 
in  which  the  antenna(s)  operate. 
Allowance  for  the  loss  of  on-fre- 
Fiouss  15-6  Prosrtm  of  Gsltd  power  resulting  from 

the  less-than-unity  duty  cycle  inherent  In  gated  systems  Is  nKessary.  Usually, 
the  gain  and  power  output  must  be  increased  by  the  factor  (1/^)*  over 
the  values  determined  in  Section  15.2,  ^  is  the  transmitting  duty  factor, 
To/(2ro  -f  Tt),  Thus  if  A  is  0.316,  ’’peak”  gain  and  power  output  must  be 
increased  by  10  decibels  to  realizo  the  desired  on-frequency  values.  This 
relation  holds  exactly  when  the  repetition  frequency  of  the  gating  system 
is  In  excess  of  half  the  receiving  bandwidth  of  the  active  system  being 
countered,  so  that  none  of  the  sideband  power  resulting  from  the  gating 
process  Is  effective.  The  (1/A)*  factor  is  thus  simply  the  ratio  of  carrier 
power  to  peak  power  for  a  gated  signal.  In  practice.  It  is  usually  found  that 
the  relation  is  correct  for  equipments  designed  to  work  against  inherently 
narrow-band  c-w  systems,  but  Is  slightly  pessimistic  where  active  systems 
employing  short  pulses  are  concerned. 

15.S.4  Single-Frequency  Trnnspondera 

The  basic  arrangement  of  a  simple  single-frequency  transponder  is  shown 
in  Figure  15-7.  This  sort  of  equipment,  in  view  of  its  restricted  capability, 
has  largely  been  supplanted  by  more  versatile  devices.  Operation  of  the 
system  of  Figure  15-7  is  as  follows:  The  r^^ceiver  (typically  a  superhe¬ 
terodyne)  Is  tuned  to  the  frequency  of  the  radar  to  be  countered  to  provide 
a  trigger  pulse  to  the  transmitter  each  time  a  pulse  is  received.  The  trans- 
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Pm  15-7  Slmplt-SlnR!4-Friqucnc> 
Trtnflponder 


mltter  Is  slmllar!y  tuned  to  the  radsr 
frequency  and  transmits  one  or  more 
pulsci  for  each  trlgK^r  input,  the  num¬ 
ber  And  timing  of  the  output  pulses 
constituting  the  deception.  A  transmit/re¬ 
ceive  switch  (TI  '  imlllar  In  radar 
practice  is  utllUed  to  allow  operation  of 
the  equipment  with  a  single  antenna. 
This  type  of  device,  without  deceptive 


moouiation,  is  in  common  uieage  as  a  radar  beacon  to  identify  and  extend  the 
detection  range  of  friendly  aircraft. 


1S*8.5  S«areh«LQ€k«Jaia  Transponders* 

A  much  more  sophisticated  transponder  than  that  shown  in  Figure  lS-7 
employs  very  rapid  automatic  tuning  tv  provide  essentially  simultaneous 
operation  against  a  number  of  pulsed  radars.  One  form  of  this  arrangement  is 

illustrated  in  Figure 
IS-ft.  The  o()eratlon  Is 
as  follows:  The  lead¬ 
ing  edge  of  a  received 
pulse  is  detected  and 
amplified  by  a  wide¬ 
band  video  amplIAer 
{ind  »  used  io  initiate 
the  sweep  on  «  voltage- 
tunable  oscillator.  The 
output  of  this  oscilla¬ 
tor  is  applied  as  a  local 
oscillator  signal  to  a 
mixer  which  has  the 
received  signal  applied 
to  its  Input.  The  local 

Fm««  is.l  ot  S«rch.Lo«k.J.m  Tr.nHK,nd.r 

id!v  over  the  operating  frequency  range  of  the  equipment  until  the  difference- 
frequency  output  of  the  mixer  is  within  the  bandpass  of  the  connected  l-f 
amplIAer.  The  l-f  output  signal  Is  then  used  to  stop  the  voltage-tunable 
local  oscillator  and  the  frequenry-dete!:r.iniri£  voiUge  Is  clamped  at  this  valui; 
for  a  predetermined  period  of  pethaps  several  tens  of  microseconds.  When 
sweep-stopping  occurs,  a  second  high-powered  voltage-tunable  oscillator  ii 
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gated  on^  operating  as  the  transmitter  during  the  *^stop''  period.  The  trans¬ 
mitted  frequency  is  arranged  to  approximate  ciosely  the  received  signal 
frequency  through  appropriate  modification  of  the  applied  stopped-sweep 
voltage  to  compensate  for  the  i-f  offset  and  any  differences  in  voUage» 
frequency  characteristics  of  the  two  oscillators. 

The  signal  acquisition  process  Just  described  must  be  completed  during  a 
single  pulse  from  the  radar.  Since  the  radar  pulse  may  last  one  microsecond 
or  !ess»  large  bandwidths^  small  delay  times,  and  very  fast  swe^  rates  are 
mandatory.  Techniques  of  this  sort  were  not  feasible  until  the  advent  of 
electronically  tunable  oscillators  and  are  now  successful  only  when  careful 
attention  is  given  to  circuit  design,  To  the  extent  that  transmission  of  the 
required  deceptive  signals  can  be  accomplished  within  a  few  tens  of  micro¬ 
seconds  following  a  given  received  pulse,  an  equipment  of  this  type  can 
be  effective  against  several  (possibly  10  or  more)  radars  which  are  'looking*' 
at  the  target  simultaneously.  This  multiple-signal  capability  results  from  the 
low  duty  factor  (typically  0.001 )  employed  by  pulsed  radars,  and  the  random 
times  at  which  pulses  from  a  number  of  unsynchronised  radars  will  arrive. 

15«St6  Low»Frequency  Ampllflcatlcn* 

The  principal  method  for  obtaining  an  appreciable  output  power  for  broad¬ 
band  operation  below  approximately  400  megacycles  per  second  employs  a 
number  of  beam  tetrodea  in  n  distributed  amplifier  configuration.  For  ex¬ 
ample,  six  4X250B  tubes  (250  watt  dissipation  tetrodes)  will  provide  a  c-w 
output  power  of  iOO  watts  and  a  power  gain  of  10  decibels  over  the  10  to 
300  megacycle  per  second  range.  Low  duty-cycle  pulse  operation  of  such  an 
arrangement  will  yield  peak  output  powers  in  excess  of  a  kilowatt.  A  sKond 
method  of  obtaining  relatively  high  output  powers  in  this  portion  of  the 
spectrum  employs  a  number  of  narrow-band  amplifiers  each  of  which  covers 
a  stnaU  portion  of  the  total  frequency  band.  Inputs  and  outputs  of  the  several 
stages  are  paralleled  by  means  of  frequency-selective  networks.  This  arrange¬ 
ment  has  more  complicated  circuits  than  a  distributed  amplifier,  but  has  the 
advantage  that  several  signals  at  different  frequencies  may  be  handled  simul¬ 
taneously  with  less  trouble  from  small-signal  suppression. 

Low-level  gain  Is  obtained  in  this  frequency  range  either  with  distributed 
or  (.ascaded  amplifiers.  Distributed  amplifiers  are  simple  and  tend  to  be 
quite  reliable  since  the  failure  of  a  tube  or  two  In  a  muititubc  stage  will 
result  only  in  a  nominal  decrease  in  gain.  Amplifiers  composed  of  a  number 
of  caKMded  stages  will  generally  require  complex  Interstage  networks  to 
realize  a  suitably  fiat  over-all  gain  characteristic,  but  will  usually  use  a  con- 
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sidertbly  Rmaller  number  of  tubes  to  obtain  a  given  gain  and  bandwidth. 
The  choice  between  the  two  approachei  can  be  made  only  by  considering  ell 
factors  of  a  apeclftc  application. 

1S^8»7  Klfh-Frequanry  AmpliAeatlon 

All  wideband  repeaters  above  400  or  500  megacycles  currently  depend 
upon  TWTi)  both  for  low-level  gain  and  output  power.  It  appears  likely  that 
development  of  negative  grid  tubes  specifically  suited  to  distributed  ampli¬ 
fiers  will  extend  the  upper  frequency  limit  of  this  technique  to  1000  meg^- 
eyelet  within  the  next  few  years,  but  coverage  of  the  remainder  of  tkj  mlcra> 
wave  spectrum  ia  likely  to  depend  entirely  on  irWTs,  for  the  foreseeable 
future.  A  large  of  different  TWT  types  an?  now  available,  with  much 

progress  being  in  providing  increased  rugf.edneia,  longer  life,  lighter 
weight,  higher  pt^er  outputs,  .^nd  lower  noise  figures. 

A  typical  low  levpl  tubi;  covers  an  octave  in  frequency  anywhere  between 
the  limits  of  r*00  and  12,000  megacycles,  provides  30  decibels  of  gain  over 
its  band,  and  hiu>  a  saturation  (maximum)  power  output  of  several  tens  of 
milliwatts.  Tubes  with  these  characteristics  are  available  vrith  permanent 
magnet  focusing,  weigh  lew  than  5  pounds,  and  require  only  about  iO  watts 
total  |>owe^  .HImilar  tubes  are  available  which  provide  an  output  of 

about  one  watt  rad  require  about  50  watts  total  Input  power. 

In  the  higbet  |K)w»»*  ranges,  bandwidths  of  1.5  to  1  are  typical.  Powers  of 
100  to  200  watts  r-w  car  be  obtained  from  solenoid-focused  tubes  exhibiting 
20  decibels  of  gain.  Pulncd  powers  in  excess  of  1  kw  at  30  decibels  of  gain 
are  common  for  solenoid  focused  tubes,  and  some  tubes  of  these  capabilities 
have  been  tnade  with  permarwnt  magnet  focusing. 

1S.S.8  EleeirotileatUy  TuMulde  Devfcae 

A  number  of  developments  in  recent  yoars  have  led  to  the  capability  for 
rapid  electronic  tuning.  For  the  lower  frequencies,  the  principal  tool  is  a 
variable  inductor  which  Is  tuned  by  changing  the  amount  of  direct  current 
paesed  through  a  control  wirjing.  Devices  of  this  ty|)e  may  be  employed  as 
the  tui/ng  elements  of  amplifier  and  oscillator  circuits.  Operation  is  practical 
up  to  several  hundred  megacycles,  and  bandwidths  of  an  octave  ’  be 
realiied.  HIgh-power  models  can  be  en  oioyed  to  obtain  about  100  w.  of 
output  power.  Voltage-tunable  capacltorn  are  available  and  offer  promise  for 
use  in  place  of  (or  in  conjunction  with)  current-tunable  inductors.  An  im¬ 
portant  inherent  advantage  of  the  tunable  capacitor  is  its  lower  ^'inertia,*' 
resulting  In  higher  tuning  rates  for  a  given  tuning  power. 

In  the  microwave  region,  the  most  important  electronically  tunable  device 
is  the  backward-wave  oKlIlator  (BWO).  This  member  of  the  TWT  family 
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U  Avallabb  In  a  wide  variety  cf  tuning  ranges  and  power  outputs.  Bandwidthi 
are  typically  1.5  or  2  to  1,  and  tubes  are  available  covering  all  principal  radar 
bands.  Tubes  for  operation  at  frequencies  in  excess  of  .50  kmc  have  also  been 
built.  Continuous  output  powers  of  several  hundred  watts  are  obtainable  at 
frequencies  below  X-band;  low-level  tubn  suitable  for  local  oscillator  service 
are  available  to  provide  continuous  coverage  to  about  40  kmc.  Both  solenoid 
and  permanent  magnet  focusing  are  used  at  all  power  levels,  with  current 
developments  favoring  the  lighter  and  more  efficient  permanent  magnet 
structures. 

A  promising  offshoot  of  the  BWO  is  the  backward- wave  amplider  <BWA). 
These  devices  have  the  same  electronic  tuna^lllty  and  other  genera!  charac- 
tcri^tk:4  as  the  BWO,  but  function  as  ampliftere  to  provide  upwards  of  JO 
decibels  gain  at  the  tuned  frequency.  Passbands  for  a  given  tuning  voltage 
are  typically  a  few  tenths  of  a  percent  up  to  one  or  two  percent  of  the  tuned 
frequency,  depending  on  the  adjustment  of  the  beam  current. 

Probably  the  most  Impressive  feature  of  backward-wave  tubes  from  the 
CGuntermeasures  point  of  view  ii  the  extremely  rapid  tuning  rates  which  may 
be  employed.  At  S-band,  for  example,  typical  tubes  will  oscillate  continuously 
while  being  swept  at  rates  as  high  as  10,000  megacycles  per  second  per 
second.  The  search-lock-jam  arrangement  depicted  In  Figure  15-S  requires 
tuning  rates  of  the  order  of  20  percent  of  this  maximum  capability. 

18.4  Deception  Techniques 

In  this  section,  a  number  of  deception  techniques  will  bt  discussed  with 
emphasis  upon  how  a  desired  effect  may  be  accomplished  with  a  given  r-f 
system  arrangement.  Although  it  is  not  practical  to  consider  all  of  the  pos¬ 
sible  combinations  of  r-f  systems  and  deception  techniques  in  detail,  it  Is 
believed  that  the  examples  used  here  will  allow  the  reader  to  assemble  for 
himself  other  arrangements  from  the  ^‘building  blocks'’  provided. 

15.4.1  False  Target  Generation 

The  most  im|>ortant  deception  technique  against  seairch  and  ground-con- 
trolled  intercept  (GCl)  radars  consists  of  the  the  generation  of  a  number  of 
false  targets,  This  technique  has  two  objectives:  (1)  The  enemy  will  be 
unable  to  ascertain  which  of  the  targets  he  sees  are  real,  and  hence  will  have 
difficulty  in  taking  the  appropriate  action.  (2)  He  will  believe  that  a  massive 
attack  Is  being  made  from  a  given  quarter  and  will  commit  his  retaliatory 
powers  to  counter  this  attack,  while  the  real  striking  force  is  approaching 
slightly  later  from  a  different  direction. 

A  multiplicity  of  false  targets  which  will  appear  at  constant  range  but  over 
a  large  azimuth  sector  can  be  obtained  with  a  straight-through  repeater.  To  pre¬ 
vent  the  identlhcatton  of  the  real  target  by  comparing  echo  amplitude,  some  sort 
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of  automitlc  gain  control  (age)  If  required  in  the  repeater.  One  arrange¬ 
ment  if  indicated  in  Figure  15-9.  l^e 
detector  and  the  age  amplifler  are  de¬ 
signed  to  cause  the  repeater  output  to 
vary  Inversely  with  the  strength  of  the 
received  signal  on  a  puIse-by-pulM 
basis  so  that  little  or  no  output  Is  ob¬ 
tained  when  the  main  beam  of  the 
radar  *'loohf^'  at  the  target,  whereas 
maximum  output  power  is  radiated 
when  the  llluniination  by  the  radar  is 
at  a  low  level  Since  a  prohibitively 
large  dynamic  range  would  be  required  in  the  repeater  to  prevent  at  !eut  some 
asimuthal  variation  in  the  false  target  amplitude,  which  would  be  symmetrical 
about  the  true  target  position,  an  additional  subterfuge  is  desirable.  One 
approach  is  to  introduce  a  random  gain  modulation  or  gating  in  the  repeater 
to  destroy  the  symmetry  of  the  radar  display,  This  Is  typically  a  ^*slow'’ 
modulation  which  changes  the  output  signal  amplitude  appreciably  over  a  time 
corresponding  to  several  hundred  radar  pulse  periods.  A  second  superimposed 
mouulation  is  desirable  to  increase  the  realism  of  the  falM  targets.  This  is 
again  a  random  modulation,  which  changes  the  output  signal  on  a  pulse-to- 
pulse  baiU  to  simulate  the  normal  target  scintillation.  In  a  wideband  micro- 
wave  faise-target  repeater,  all  three  of  the  *V.odulations'’  discussed  above 
might  be  combined  and  applied  to  the  control  grid  of  the  output  TWT. 

The  false  targets  produced  by  the  system  just  described  can  be  satisfac¬ 
torily  ^^real”  in  all  respects  but  one;  they  all  appear  at  the  same  range  from 
the  radar.  As  such,  the  radar  may  be  unable  to  select  the  true  target  for 
retaliation,  but  It  is  extremely  unlikely  that  the  radar's  position  Is  the  focal 
point  of  a  precise  radial  attack.  To  add  the  missing  dimension  of  variable 
range  to  the  false  Urget  picture,  some  sort  of  “frequency  memory"  must  be 
incorporated.  The  single-frequency  transponder  of  Figure  15-7  possesses  this 
memory  in  the  form  of  the  Axed  tuning  of  tlie  receiver  and  transmitter  and 
can  be  used  satisfactorily  against  a  single,  Axed-frequency  radar.  The  aearch- 
lock-Jam  conAguration  In  Figure  15-8  can  accomplish  the  same  result  against 
a  number  of  Axed-  or  variable-frequency  radars.  To  “show"  the  radar  a 
number  of  radially  aligned  targets,  a  Axed  gating  program  would  be  provided 
giving  the  desired  target  spa'^ing.  The  three  modulations  diKussed  in  connec¬ 
tion  with  the  false-target  repeater  can  be  added  to  the  search  IfKk- Jam  trans¬ 
ponder  to  create  a  wide  variety  of  effects.  The  gating  program  can  be  altered 
on  a  random  basis  or  as  a  function  of  the  signal  |>ower  received  from  the 
radar  to  produce  clusters  of  targets  at  various  ranges  and  aaimuths. 
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15A2  Rmn§9  Gate  PiitI«Off* 

A  deception  which  tufl  been  found  to  be  quite  effective  tgeinit  puiee  track¬ 
ing  radars  involves  *^steallng”  the  timing  gate  which  during  normal  operation 
of  the  radar  is  accurately  centered  at  the  target  echo  range.  The;  video  signal 
which  supplies  age  to  the  radar  receiver  and  controls  the  angle-tracking  func¬ 
tions  is  taken  through  this  gate,  so  that  a  deception  which  causes  this  gate 
to  lose  the  target  will  disrupt  the  tracking  function.  A  repeater  with  fre¬ 
quency  memory  or  a  sesrch-lcck-Jam  transponder  arrangement  may  be  used 
to  perform  range  gate  stealing.  (Frequency  memories  employing  several 
hundred  feet  of  delay  cable  and  a  TWT  to  operate  as  a  multimode  memory 
have  been  used  successfully  In  microwave  gate-stealing  repeaters.  This  type 
of  memory  is  discussed  more  fully  in  Chapter  24).  The  program  of  a  range 
gate  pull-off  cycle  Is  as  follows;  Initially,  the  countermeasures  equipment 
repeats  the  pulses  received  from  the  radar  with  minimum  delay.  If  the  dec^ 
tion  is  to  be  successful,  this  minimum  delay  must  usually  be  small  in  com¬ 
parison  to  the  radar  pulse  length,  and  the  peak  output  power  must  provide 
a  rerndiated  power  density  in  excess  of  that  due  to  the  true  target  echo. 
Typically,  J/S  ratios  of  U  decibels  or  more  are  sought.  With  the  above  con¬ 
ditions  fulhiled,  the  countermeasure  has  ''captured’^  the  gate  and  the  reply 
is  slowly  delayed  with  respect  to  the  receiv«Ki  signal  (and  hence  the  true 
target  echo)  until  a  total  delay  of  2  to  10  microseconds  is  achieved.  Typical 
pull-off  rates  are  of  the  order  of  1  microsecond  per  second.  With  the  range 
gate  pulled  off  the  target,  the  delay  is  snapped  back  to  a  minimum  value. 
Since  the  radar  range  gate  is  unable  to  fellow  the  fnst  recycling,  it  is  left  at 
the  range  corresponding  to  the  maximum  pull-off,  where  no  target  echo  is 
present,  so  that  range  tracking  is  lost.  If  the  radar  has  a  range  search 
function,  it  may  reacquire  either  the  target  or  the  false  pull-off  signal  on  its 
next  cycle.  If  the  pull-off  operation  Is  continually  repeated  (at  a  constant 
rate  or  preferably  with  some  randomness  of  rate  and  period).,  the  radar  will 
operate  for  only  a  small  portion  of  the  time  with  true  target  Information, 
and  the  tracking  accuracy  will  be  seriously  degraded.  If  the  radar  is  manned 
and  has  provision  for  manual  override  of  the  automatic  range  tracking  opera¬ 
tion,  a  skilled  operator  may  be  able  to  increase  substantially  the  percentage 
of  time  that  the  radar  operates  on  true  target  data.  KIs  Job  Is  much  more 
difficult  and  fatiguing  if  random  programming  of  the  pull-off  is  employed. 

Tie  circuit  arrangement  of  a  typical  range  gate  pull-off  repeater  is  shown 
in  Figure  1540.  !n  the  absence  of  an  Input  signal,  the  r-f  switch  in  the 
TWT/delay  cable  loop  is  open  and  the  input  tube  functions  as  a  straight 
amplifier.  When  a  signal  is  received,  It  is  detected  and  causes  the  program 
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unit  to  cloM  the  memory  loop  and  limulUncously  pulse  on  the  output  TWT 

with  a  self-Kenerated  pulse  which  !fl  ap¬ 
proximately  the  same  length  as  that  cm- 
ployed  by  the  radars  to  be  countered.  Ai 
succeulve  pulses  are  received^  the  mem¬ 
ory  loop  is  repeatedly  closedi  each  time 
for  a  period  equal  to  the  maximum  delay 
which  will  be  used  In  the  pull-off  cycle. 
Meanwhile^  the  on-pulsee  applied  to  the 
output  tube  are  progressively  delayed  in 
time  until  the  maximum  offset  is  reached. 
Ai  the  conclusion  of  a  cycle  of  operation » 
the  pulses  applied  to  the  output  tube  re¬ 
vert  to  the  minimum  delay  time  and  the  program  is  repeated.  Randomness 
of  the  pull-off  operation,  If  employed,  is  controlled  by  the  program  unit. 

15*4»8  8eft82*Rat«  Modulation* 

A  second  deception  which  may  be  used  against  tracking  radars  employing 
conical-scan  angle  tracking  utilises  modulation  of  the  repeater  or  transponder 
output  at  or  near  the  conical-scan  frequency  employed  by  the  radar.  A  par- 
tkular  form  of  this  technique,  which  has  proved  to  be  very  effective,  uses 
square-wave  (on-off)  gating  of  the  output  stage  of  a  repeater  at  a  variable 
frequency  which  include  the  scan  frequency  of  the  radar  being  countered. 
As  this  modulation  approaches  the  radar  scan  frequency,  increasingly  large 
error  sigtials  appear  in  the  radar  servo  loops,  causing  rapid  random  gyration 
of  the  antenna  system.  Frequently,  the  transients  thus  introduced  are  suffi¬ 
cient  to  caure  the  radar  to  lose  the  target  completely.  Since  the  scan  channel 
paubands  of  radars  of  this  type  are  quite  narrow  (typically  1  to  4  cycles}, 
t)^  modulation  in  the  countermeasure  must  be  swept  slowly  if  a  maximum 
effect  is  to  be  realised.  Against  typical  ground-based  equipments,  iwftp  rates 
of  the  order  of  1  or  2  cycles  per  second  per  second  give  optimum  results. 
The  low  sweep  rates  which  must  be  used  In  this  technique  point  up  Us  prin¬ 
cipal  weakness:  a  considerable  amount  of  time  is  required  to  cover  the 
range  of  scan  rctei  likely  to  be  employed  by  the  enemy,  so  that  disruptive 
effects  will  be  Introduced  in  any  one  equipment  at  relatively  infrequent 
intervals.  The  effectiveness  of  this  technique  (particularly  when  combined 
with  range-gate  pull-off  as  dlKussed  later)  Is  so  great,  however,  that  even  its 
infrequent  application  may  be  adequate  to  render  the  radar  useless. 


Fxoum  U-iO  Raafo  Cats  Pull* 
Off  Repeater 
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IS.4.4  inverte^aln  MoiiMlittlon'* 

As  an  alternative  to  the  noncohcrcni  f<cnn-rute  modulation,  discu.wd 
above,  the  modulation  envclo{)e  of  the  tracking  aignal  may  be  detected,  in¬ 
verted,  and  applied  to  the  counter mca.surc.i  ayatein  to  present  an  inverted 
error  signal  to  the  radar.  Thi^  approach  depends  upon  the  fact  that  all  con¬ 
ical-scan  systems  operate  only  by  virtue  of  angular  error  signals  derived  from 
the  target  echo,  and  hence  there  will  always  be  some  conical-scan  modulation 
of  the  pulses  received  at  the  target.  To  be  most  effective,  a  deceptive  rcijeater 
of  this  tytse  is  gated  on  only  during  the  minimum  180  degree  segments  of  the 
received  modulation  envclo|H*.  Rather  high  J/S  (20-30  db)  are  required  to 
introduce  angular  errors  at  the  radar  !n  exce.ss  of  a  beamwidth.  The  power 
output  required  from  the  Jammer  is  quite  ntodest,  however,  since  the  large 
gain  necessary  to  realise  an  adequate  J/S  ratio  is  ‘‘active”  only  during  mini- 
mums  of  the  received  pulse  train.  The  virtue  of  the  inverse  modulation 
scheme  as  comt^ared  to  swept  scan-rate  modulation  is  that  It  works  continu¬ 
ously  at  the  scan  rate  of  the  applied  signal  and  can  be  made  to  operate 
effectively  against  a  wide  range  of  conical-scan  niodulAtion  frequencies.  A 
principal  disadvantage  of  this  technique  is  the  difficulty  encountered  in 
devising  a  system  that  can  work  effectively  against  a  number  of  radars  simul¬ 
taneously.  Arrangements  capable  of  simultaneous  operation  with  good  effi¬ 
ciency  against  two  or  three  radars  have  been  built,  but  beyond  this,  the 
complexity  appears  to  outweigh  the  results  obtainable. 

15*4.5  Comblnod  Range-Angle  Deceptlonf 

T.te  effectiveness  of  the  angle  modulation  schemes  just  discu.Hsed  may  be 
increased  (in  some  situations  by  a  large  factor)  by  Hrst  pulling  the  range 
gate  away  from  the  t:arget  echo  and  then  applying  the  angle  deception,  'fhe 
advantage  of  this  procedure  is  that  the  deceptive  angle  rm>dylat!on,  when 
applied,  is  not  in  competliit  n  with  the  target  echo  signal  which  yields  true 
angle  error  information.  This  combination  technique  is  particularly  desirable 
for  hcrcasing  the  disruption  of  the  radar  function  when  Inverse  gain  Is 
employed  since  this  type  of  angle  deception  is  characteristically  less  violent 
in  its  effect  on  the  radar  when  taiget  com]>etitian  is  present,  with  much  less 
tendency  to  break  track. 

15.4.6  Veloelly*G«tc  Full-OiTf 

Active  radar  sy.stcms  of  the  c-w  doppler  type  may  be  countered  by  steal¬ 
ing  the  velocity  gale  of  tlie  locked -on  sy.stem.  This  is  analogous  to  range* 

Rtfrrtncei  5,  6,  and  7. 

tSee  Refrrenci*  4. 
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Kate  stcnIinK  in  pulsed  (time)  systems.  Here  gating  is  in  frequency,  so  that 
a  frequciwy  shift  of  the  output  signal  with  res|>ect  to  the  received  signal  is 
required  to  accom|)llsh  the  same  soit  of  effect.  The  frequency  shift  operation 
is  accurnpllahcd  in  microwave  repealers  through  *‘scrrodync’'  (sawtooth) 
modulation  of  tSr  rlrect  voltage  applied  to  n  'FW  tube  helix.  This  technique,* 
which  Is  discussed  in  Chapter  24,  provides  an  output  signal  which  is  dis¬ 
placed  from  the  input  signal  by  the  frequency  of  the  npplitil  sawtooth.  I'he 
displacement  will  be  upward  with  respect  to  the  input  signal  If  the  sawtooth 
voltage  is  positive  (the  sloping  portion  of  the  waveform  Increasing  with 
time).  Conversely,  a  negative-going  sawtooth  will  result  in  a  downward 
displacement  of  the  output  frequency. 

Hy  changing  the  frequency  of  the  sawtooth  modulation  on  a  programmed 
basis,  a  velocity-gate  pull-off  may  be  accomplished.  Since  gate  widths  in 
radar  .systents  of  this  type  arc  quite  narrow,  it  is  necessary  to  Initiate  the 
program  with  an  offset  no  greater  than  a  few  hundred  cycles.  Assuming  an 
adequate  J/S  ratio  (perhaps  10  db),  the  velocity  gate  may  be  stolen  by 
increasing  the  sawtooth  frequency  ot  a  rate  commensurate  with  the  velocity 
tracking  rate  capability  of  the  system  being  countered.  When  maximum 
desired  offset  has  been  achieved  (values  of  5  to  50  kes  are  typical),  the  saw¬ 
tooth  may  be  "snapped  back"  to  the  minimum  value  and  the  cycle  fciKated. 
When  W{»rking  against  certain  types  of  equipments,  It  may  be  desirable  to 
hold  the  offset  nt  a  maximum  value  for  a  short  time  while  additional  modu¬ 
lation  such  as  AM  noise  is  applied.  Total  pull-off  periods  of  the  order  of  1 
to  to  seconds  are  typical  for  operation  against  most  c-w  systems  In  use  nt 
present.  It  Is  quite  often  advantageous  to  use  a  dtiwn  frequency  pull-off  in 
preference  to  an  up-frcqucncy  one,  This  preference  results  from  the  fact 
that  some  c-w  homing  missiles  utilize  a  drop  in  doppler  to  arm  or  detonate 
the  warhead. 

At  VHK  and  UHF  frequencies,  a  circuif  arrangement  of  the  sort  depicted 
in  Figure  1 5-4  can  be  utilized  to  produce  frequency  offset  of  the  out|)Ut 
signal.  A  variation  of  the  amount  of  delay  in  the  1-f  section  can  be  used  to 
change  the  amount  of  offset.  Convenient  techniques  for  rujdd  delay  variation 
are  not  available,  and  the  alternative  approach  of  changing  the  oscillator 
sweej)  rale  is  more  practiial.  A  serious  difficulty  with  all  techniques  involv¬ 
ing  sweeping  Is  the  reduction  In  on-frequency  power  due  to  the  low  effective 
duty  cycle.  Another  technique  which  has  been  proposed  fur  the  generation 
of  fre(|uency-shifted  signals  at  the  lower  radio  frerpiencies  and  which  appears 
suitable  for  broadband  operation  is  as  follows:  The  signal  to  Ik*  shifted  Is 
applied  to  a  phasc-.shift  network  which  has  four  outputs  with,  respectively,  0 
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90\  180*,  and  270”  shift  to  Its  Input.  Each  of  thesf  outputs  feeds  a  separate 
gated  amplifier,  the  outputs  of  the  gated  amplifiers  being  connected  in  paral¬ 
lel.  A  four-output  gate  generator  would  be  provided  to  gate  on  the  anipllAers 
sequentially  to  produce  the  effect  of  a  rotating  phase  of  the  output  signal. 
The  sampling  rate  would  determine  the  amount  of  offset,  whereas  the  *‘dirtc- 
tion’*  of  the  sampling  would  establish  the  up  or  down  direction  of  the  shift. 
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16.1  Introilurtlon 

ConxiderHble  effort  has  been  made  !n  the  United  States  to  develop  repeater 
Jammers  for  use  against  radio  doppler  proximity  fuzes.  Devices  with  some  of 
the  attributes  of  a  repeate**  have  also  been  constructed  for  use  aKainsi  com¬ 
munication  links.  In  spite  of  their  common  frequency  ran^e  (below  500 
megacycles),  typical  devices  for  the  two  applications  have  substantial  dis¬ 
similarity.  The  dissimilarity  results  from  different  design  objectives  in  the 
two  in.stances.  Fuze  repeaters  have  been  built  which  simply  provide,  for  cer¬ 
tain  fuzes,  a  successful  imitation  at  the  fuze  of  the  normal  return  signal.  On 
the  other  hand,  the  effectiveness  of  the  communication  jamming  devices  often 
depends  on  confusion  or  masking. 

In  comparison  with  other  fuze  countermeasures  equipments,  re{>eatcrs  have 
a  high  potential  utility  against  broad  classes  of  radio  doppler  types.  The 
merit  of  the  simple  repeater'*'  as  a  communications  jammer  is  not  clear.  In 
fact,  one  finds  that  the  merit  of  repeater-like  communication  jammers  usually 
dei)ends  strongly  on  their  variations  from  the  simple  repeater.  The  emphasis 
on  fuze  re|>euters  in  the  following  <liscuHslon  reflects  this  appraisal. 

16.2  Radio  Doppler  Proximity  Vnxe  Principles 

A  discussion  of  the  use  of  repealers  against  radio  proximity  doppler  fuzes 

♦By  ulmpte  in  meant  a  (i«?vice  which  can  provide  a  contlnuoun  implied  re- 

Hrctlon  of  a  received  »iKnai,  or  a  device  kuch  ak  a  khorl -delay  repeater  whlrh  appeari  to 
do  thU  in  operation  asninkt  certain  targeti. 
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is  conveniently  Introduced  with  a  brief  discussion  of  the  sinKle^chunnel  radio 
floppier  fuze.  A  multitude  of  signals  may  be  radiated  by  such  a  fuze:  these 
signals  prciduce  a  voltage  at  some  reference  point  of  the  fuze  which  is  often 
easily  described  In  the  form 

O  =  /!(/)  cos  +  (16-1) 

where  oio  is  the  radian  carrier  frequency.  Examples  of  single-channel  fuzes 
which  have  been  studied  in  the  U.S.  include: 

3.  CW  fuze  |/1(0  constant;  ^(0  constant) 

2.  FM  fuze  [/i(0  constant;  for  sinusoidal  modulation  waveform  ^(0  ^ 
Aw  sin  (wmf  t  <^o)  I 

3.  PD  (pulse  dopp!rr)  fuze  [/i(0  a  pulse  waveform;  in  the  idealired  case 
fp{t)  is  constant  within  each  pulse,  and  there  Is  essentially  no  correla¬ 
tion  of  r-f  phase  of  successive  pulses) 

4.  i\olsr  fuze  j/1  (0  and  )  are  stochastic  variables) 

It  is  useful  to  regard  the  doppler  fuze  ns  a  practical  correlator.  Recall  the 
definition  of  the  cross-correlation  ^iu(A/)  of  the  functions  ei(0  and  /(/); 

i^iu(Af)  —  lim  pyrf  Ct{t)f(t  -  AO 
00  ^  y  .y 

Similarly,  the  autocorrelation  ^u(Af)  of  C((/)  is  defined  aa 

^ii{AM  llm  !  f r,(i)et(t  -  AO 

The  latter  is  suggestive  of  the  normal  operation  of  a  fuze  radiating  a  signal 
Ci{t),  in  that  the  product  of  tpj)  and  a  delayed  return  signal  proportional  to 
^•,(/'~A/)  is  obtained  and  then  fed  through  a  narrow-band  filter  in  doppler 
fu/es  (this  process  is  approximately  equivalent  io  integrating  and  averaging). 
Kure  o)>eration  differs  from  true  autocorrelation,  however,  In  that  /St  is 
actually  varied  slowly,  so  that  only  a  limited  time  is  spent  in  any  Increment 
of  delay.  This  Is  true  of  practical  correlators  In  general  since  an  infinite  inte- 
grat  on  time  is  imjiractlcal  Cross-correlation  is,  in  a  similar  way,  suggestive 
of  the  fuze  jirocessing  when  an  externally  generated  signal  produces  a  voltage 
f{t)  at  the  reference  point. 

It  is  informative  to  coiiMder  the  generation  of  a  triggering  signal  in  a 
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doppler  fine  In  iome  detail.  The  return  lignal  «,(<)  for  a  fuae  radiating  a  slg- 
tjal  Riven  by  Eq  (16-1)  la  a.-isumed  to  be  well  repreaented  by  the  expresaion 

e,(0  -  =  M(<-A<)  coa  i  +(<-At)l.  (16-2) 

Making  the  further  assumption  of  uniform  relative  motion  between  the  fu/e 
and  the  reflector  (i.e.,  At  =  Ato  “  where  i»,i  is  the  doppler  rc- 

quency  and  Ato  I*  a  cons*-  >  Eq  (16-2)  becomes 

e,(t)  =  *1.1  f  ( ‘  ~  ”)  ■  {(""  ~ 

+  *[ 

Here,  the  parameter  *«  has  been  incorporated  In  the  new  parameter  *„ 

which  also  characterizes  the  multiplier  gain. 

In  normal  operation,  a  triggering  signal  la  filtered  frorn  the  output  o 
multiplier  circuit,  which  forms  the  product  e^t)  e,(t).  The  product  0(0 
can  be  written  in  the  form 

-L.kA(OA  I  t  ( ‘  “  Sii;)  “  1'^"* 

+♦  I 1} + -1-  !'(''-)■ I 

«  cos  I  mat  —  wuAto  +  <*  j  t  ^  ~  1  } 

Where  *  incorporates  *,  and  a  filter  gain  com*'.. The  former  o'  ‘h”'  "ddl- 
tlvc  terms  is  at  approximately  double  the  ca.rler  frequency  for  a  narrow- 
AAiumDtion  1  that  is.  for 


I'})/  <C  ^  <^*1) 

/1(0  <  ^ 

dA(n 


(if 

(iut 

(it 


3/ 


for  all  / 
<  iiM)  for  all  f 


where  M  is  a  constant  and  .  <s';  1,  The  slgmil  represented  by  this  term  is 

•The  lime  vsrlillon  of  the  implltude  of  the  return  .lanet  due  to  time  vsrlttlon  of  path 
ficlor  U  to  be  dcwribfd  by  the  factor  *,)• 


# 
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normally  Altered  (averaged)  out;  the  triggering  tlgnal  is  in  fact  selected, 
with  Alters  and  ampllAeri,  from  the  multiplier  output 


tr{t)  e,(t}  =  -\~kA{t)A  [  <  (  :  -  -  A<0 

2  \  o>o/ 


•  COS  I 


Af(i 


-  ^(/)  i(16.J) 


Bandpus  ampliAcrs  passing  a  frequency  band  around  the  doppler  frequency 
utd  are  employed  in  CW,  PD,  and  noise  fuzes.  Near  u>c  the  energy  density  In 
the  spectrum  of  CrO)  ei(/)  is  high  for  these  fuzes. 

llie  spectrum  of  er(0  o(0  niay  have  several  maxima  of  energy  density 
for  other  possible  radiated  signals,  such  as  that  of  the  FM  fuze.  In  the 
speciAc  case  of  the  FM-by-sine  wave  fuze,  Cr{t)  e,(i)  contains  (ideally) 
discrete  components  at  nutm  ±  (a  =  0,  1,  2,  . .  .  )/  where  is  the  (radian) 
modulation  frequency.  An  FM  fuze  In  which  the  amplifier  passes  the  com¬ 
ponents  at  ttMm  f-  u>,i  and  nuim  —  is  termed  a  Jn  fuze.  A  number  of  pos¬ 
sible  triggering  signals,  each  of  which  has  its  peculiar  time  variation  of  ampli¬ 
tude,  are  available  by  choice  of  n. 

The  term  of  r,(/)  r,(f)  giving  rise  to  the  spectral  concentration  near  w  Is 
easily  obtained  for  IdealizHtions  of  the  radiated  signals  listed  at  the  beginning 
of  this  section,  Spcciftcally,  Kq  (16-3)  may  be  written  in  the  form 


e,(l)  e,(t)  -  I  /  ^  1  _  -  A<«  ] 

•  cos  {tit, it  —  0»nAf()  +  ^(0  CO'**  +  ^.v)) 

where 

I  <  (  -  A<»  I  -  ^(0  =  fl(/)  CO*  (o.»/  +  e,) 


Now,  lor  the  usual  fuze  rudlatlons,  it  is  found  that  the  time  variation  (if  any) 
of  <;(/)  is  very  slow,  so  that  a{t)  may  be  regarded  as  c.ssentinlly  constant  for 
a  few  periods  at  the  frequency  m.  If  the  time  variation  A(t)  is  also  sufficiently 
slow,  it  is  observed  that  r,{/)  Cflt)  is  essentially  im  FM  signal  with  carrier 
frequency  ua  and  sidebands  separated  by  some  frequency  o^.  These  com¬ 
ponents  are  then  regarded  as  varying  slowly  In  amplitude  with  ^/1  (/)/!(/  — 
Ala),  and  perhaps  with  a  slow  variation  of  the  modulation  Index  e(/).  To  a 
good  uiiproximation  in  the  usual  case,  then,  the  resultant  spectrum  contains 
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llnei  cud  ±  Hiuiff  which  v»ry  very  ulowly  In  amplitude  as  kA(t)A{t  —  A<o) 
/n  "The  true  doppler  term  of  this  function  Is  the  carrier  component, 

the  8mplitud<^  of  which  is  taken  as  Adi^t)  and  which  varies  with  4r/l(f) 
/»  (o(01'  The  variation  with  time  of  the  amplitude  of  the 
several  comiM)ncnla  is  thus  dependent  on  ri.  In  the  speciftc  case  of  the  FM- 
by-sinusoid  fuze  radiation,  it  Is  readily  shown  that  Eq  (16-3)  has  the  form 


er(<)  e,(/)  z=  -i-  cos  i  mt  -  u.cA/..  4- 

•  (■'  w  -  — r" )  “■  [  ( ■ 

In  this  case,  A{i)  is  a  constant,  c,  and 

2  Afp  \ 

(Dm  \  2(Do  2  j 

i*>m  Afp 

2 


a(n  - 

0)^.  = 

6k  = 


«  \  I  WwA^ol) 
2ido  )  '  2  jf 


The  amplitudes  of  the  doppler  components  /4d(  AO  are  given  In  Table  16-1  for 
several  of  the  fuze  types  previously  listed.  These  /Id( Af)  depict  the  Idealized 

Taplk  1 6-1.  Doppler  Component  Amplitudes 
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lime  viirialion  of  the  amplitude  of  Ihc  dopplcr  i^ignal,  apart  from  variations 
dur  to  path  jactor,  antenna  |)allern,  and  scintillations  of  the  reflector.  1'he 
assumptions  made  in  each  case  are  also  listed.*^  The  Are  sketched 

In  Figure  16-1  for  likely  fuze 
parameters.  The  Ah  are  plotted 
versus  delay  (which  Is  linear 
with  t  for  our  assumptl<ms) ,  a 
maximum  of  Ah  occurring  at  Af 
=  0  fi)r  the  examples  given. t 
When  /l,/(AO  tends  to  remain 
small  for  Af  larger  than  some 
value,  the  associated  e/(0  is  ’Aid 
to  give  a  rnngc-,utoff  character¬ 
istic  (e.g.,  the  IM)  and  ndsc  fuzes 
Kumsi.  16-1  Skeleh  of  A4  (Af)  «*  «  func-  above), 

lion  of  Af  preceding  discussion  dealt 

with  the  basic  operation  of  single-channel  floppier  fuzes.  Actual  ,;uzes  are 
very  likely  to  have  a  number  of  properties  which  result  from  special  tech¬ 
niques  such  as  those  listed  below.  Such  tcchnl<|ties  can  only  be  mentioned 
briefly  here,  atui  the  mentl<in  should  be  regarded  as  suggestive  of  the 
variety  of  possibilities  rather  than  as  comprehensive  (Reference  I). 

1)  eVT  (controlled  variable-time)  action 

2)  Foint-contact  detonation  capability 

3)  S|)ecial  amplifiers 

4)  Multiple-channels 

The  eVT  bring  Is  widely  used  In  modern  U.S.  fuzc«,  The  fuze  activation 
Is  delayed  in  such  a  fuze  by  a  mechanical  timer  for  an  interval  after  projec¬ 
tion  which  can  be  preset  prior  to  use,  The  objective  Is  to  arm  the  fuze  shortly 
Iwfore  the  anticipated  burst  time;  the  interval  of  fuze  activation  is  held  to 
about  two  seconds  in  the  case  of  artillery  rounds.  Such  a  mechanism  not 
only  provides  protection  against  premature  bursts  at  the  launching  site  but 
also  limits  the  time  available  for  electronic  countermeasures.  Radio  proximity 
fuzes  for  use  against  ground  targets  may  also  be  ex|>ected  to  detonate  on  con¬ 
tact,  such  a  characteristic  providing  (X'M  protection  against  dudding  (as  by 
saturation  of  the  fuze  amplifler). 

A  second  special  tcchrdcpie  Involves  the  use  t)f  amplifiers  having  responses 
which  are  tailored  to  characteristics  of  the  (doppler)  triggering  signal  which 
can  be  anticipated  in  specific  applications.  For  example,  one  may  establish 

**The  A4  conlaln  «n  arbitrary  gain  consiitnt  A. 

Af)  is  proportional  to  the  nutocorrrtatlon  of  Uic  radiated  j^lgnal. 
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the  approximate  rate  at  which  the  amplitude  of  the  doppler  siKoal  incrcaseji 
wi^h  time  in  an  application  such  as  a  bomb  drop.  A  nonlinear  circuit  can 
then  be  employed  in  the  amplifier,  which  discriminates  against  signals  having 
growth  rates  outsi<Ic  the  ex|)ected  range  of  values.  The  use  of  an  amplifier 
requiring  such  special  pro|>ertics  of  the  triggering  signal  is  intended  primar¬ 
ily  as  a  CCM  feature. 

Two  (or  more)  of  the  single-channel  fuze  circuits  such  as  those  discussed 
above  may  be  incorporated  into  a  multiple-channel  fuze.  It  is  possible,  by 
proper  interconnection  of  such  channels,  to  reduce  either  dudding  due  to 
component  failure,  or  vulnerability  to  countermeasures,  or  both. 

16.3  Basic  Considerations  In  Lsing  Repeater  Jammers  Against  Fuses 

The  original  objective  In  using  re|>eatcrs  against  pro.ximity  fuzes  was  to 
simulate  a  passive  reflector  proximate  to  the  fuze  with  an  active  device 
located  perhaps  remote  from  the  fuze.  In  implementing  this  scheme,  how¬ 
ever.  a  basic  problem  arises  from  the  fact  that  substantial  gain  may  be 
required  within  the  device  to  offset  the  large  path  factor  loss  resulting  from 
the  remoteness  of  the  repeater  from  the  fuxe.  A  Jammer  with  useful  gain 
which  employed  n  single  antenna  for  both  reception  and  transmission  would 
oscillate  if  oj>cruted  continuously.  The  super- regenerative  repeater,  which  will 
be  discussed  subsequently,  Is  Just  such  a  device. 

As  altcrnat've  solutions,  one  may  have  recourse  to  either  a  two-nntenna 
system  or  a  system  which  emfjloys  a  mi*m<»ry  device  and  time-shares  In'tweeti 
a  receiving  and  a  tran.^mittlng  mode.  Disadvantages  of  the  two-antenna 
system  Include  the  bulk  of  two  broadband  antennas  in  the  fuze  frequency 
range  and  the  antenna  isolation  problem,  which  proves  particularly  difllcult 
over  the  wide  frequency  range  for  which  o|>eration  is  .sought.  1'he  s(»lulion 
involving  time-sharing  has  been  widely  employed  In  U.S.  repeaters. 

It  Is  shown  In  Reference  2  that  the  range  r,/  at  which  a  fuze  will  be  pre- 
detonated  l)y  cither  a  (matched)  single  antenna  re|>catcr  or  a  repeater  with 
two  identical  closely  spaced  (matched)  antennas  can  be  expressed  in  the 
form 


^1# 


.4 


//i.  A,  Oj 


n  !'• 


/(A) //(«,</■) 


Here 

//iz  ^  ''.Michigan  Height"  .  the  maximum  height  above  an  infmitely 
conducting  ground  at  which  the  fuze  will  functhm  when  oper 
atlng  without  interference. 

A/  =  mean  wavelength  of  radiation 
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G>  K^in  of  repeater  antenna  relative  to  isotropic  radiator 

A  ^  ri'pcater  power  gain 

1)  discrimination  factor  r=  (RijEfY^  =  the  square  of  the  ratio 

of  the  Jamming  fleld  strength  at  the  fuze  necessary  to  detonate 
the  fuze  to  the  held  strength  of  the  normal  return  signal  at  the 
fuze  necessary  to  cause  detonation 
j(p)  polarization  factor  between  jammer  and  fuze  antennas 

=  relative  pattern  factor  for  jammer  antenna  In  the  direction  of 
the  fuze  |0^/;£1  for  any  (6^,^)  pair] 

lf(B,tp)  =  relative  pattern  factor  for  fuze  antenna  In  the  direction  of  the 
tei)eater.  |0;g//;g  1  for  any  pair] 

In  Eq  (16-4)  it  hat  been  assumed  that  rg  is  proportional  to  the  effective  re- 
[)e8ter  antenna  length  Ljf  for  which  the  substitution  Lj  =  A;(R^  G//120fr*)^  has 
been  made.  Rf  Is  the  real  part  of  the  series  antenna  Impedance.  Equation  (16-4) 
indicates  the  function  relationship  of  jammer  range  capability  to  the  several 
parameters  of  the  tactical  situation.  The  parameters  //.»/,  A/,  and  ft  are  fuze 
properties  and  are  therefore  independent  parameters  in  a  specific  Jamming 
attempt^  whereas  and  A  ore  properties  of  the  ji  '>nicr.  D-factor^  /(^), 
and  (he  maximum  jamming  range  r,/  are  mutually  controlled  factors  of  the 

fuze  and  jammer  reiatloiishlp. 
Equation  (16-4)  Is  |)!otted  In 
Figure  16-2  for  /  /y  //  =  1. 

Now,  let  us  consider  a  .sample 
calculation  In  which  a  very  favor¬ 
able  jamming  situation  Is  as¬ 
sumed;  i.c.,  j(p)  li(B,fp)  I  {Bttp) 
=:  t,  or  aligned  Jammer  ami  fuze 
antennas.  For 
Gy  =  1 

D  =  10  decibels 
A  =  125  decibels 
jim  ~  J3.3  feet 
A/  =  6  feel 
one  tlndi 

frf  4600  feet 

One  way  of  increasing  the  maxi¬ 
mum  range  of  the  jammer  In  the 
at)ove  example  is  by  using  a  di¬ 
rectional  jammer  antenna.  How- 


Fhu  nk  16-J  G»ln-KAnKe  CMrvcn,  Two-Way 
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Fioimx  16"J  llluitution  of  «  Jimmrr  Prutrctlon  of  %  Ground  TtrKH  Arr« 


ever,  the  tactical  value  of  the  device  may  be  reduced  significantly  by  such  a 
modification.  This  is  Illustrated  In  Figure  16-3,  where  a  jammer  is  jHirtraycd 
protecting  a  ground  target  from  artillery  ftrc:  The  area  protected  by  the  jam¬ 
mer  Is  related  !n  a  rather  complicated  way  to  a  volume  In  space  which  Is  the 
intersection  of  three  volumes: 

1.  The  volume  containing  |>osslble  shell  trajectories,  which  (s  a  simple 
tube  for  locnllxed  gun  emplacement  and  target. 

2.  The  volume  between  the  1(k:us  of  CVT  activation  of  the  fuze  and  the 
minimum  safe  height  for  fuze  predetonation,  which  is  t.Hsentiully  a 
volume  bounded  by  two  planes  for  n  simple  tube  of  trajectories  and  a 
localized  target. 

3.  The  volume  in  which  useful  coupling  is  achieved  between  the  jammer 
and  fuze  antennas. 

The  objective  of  the  above  discussion  was  to  suggest  that  the  area  of  pro¬ 
tection  can  become  quite  small  when  substantial  Jammer  antenna  gain  is 
utilized.*  Furthermore,  since  many  factors  of  the  tactical  ge^)metry  cannot 
readily  be  controlled  at  the  jammer,  the  locus  of  this  area  i.s  not  easily  char¬ 
acterized  in  practice.  Thus,  a  careful  compromise  between  repeater  antenna 
gain  and  range  cajmbility  must  he  made  to  insure  tactical  utility. 

16.4  The  Tlme^Shared  Repeuter 

The  basic  time-shared  single-antenna  repeater  Is  illustrated  In  Figure  16-4. 
The  transnds.slon  and  receiHlon  Intervals  of  a  practical  ground-based  single- 

•Allowsnce  munt  stuo  be  m«de  for  the  time  Inlervui  after  CVT  »ftlvslion  before  n 
muUlchsnnel  Jsmmer  underlakei  jAmmlng  of  «  ii|>eciac  fuxe  nni!  for  the  time  needed  to 
proerM  A  given  fure. 
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Time-Shared  Slnglr-Antrnna  Re¬ 
peater 


nntenna  Rystem  are  normnily  »ep- 
arated  by  an  Interval  of  {reactivity 
n  few  mlcro.srconda  iong.  During 
thi?e  Inactive  interval,  echoes  from 
nearby  objects  which  would 
otherwise  saturate  the  re|>eater 
input  circuit  during  reception  are 


l>ermitted  to  die  out.  'I'he  duty  factor  of  the  equipment  can  be  made  to 
approach  one-half  by  making  (he  length  of  the  repeater  delay  large  compared 
to  the  length  of  this  inactive  Interval.  Sonic  (quartz)  lines  provide  large, 
compact  delays  for  this  application;  units  with  deiays  of  as  much  us  two 
millisecoiiiis  are  available*  Transducers  have  limited  these  quartz  delays  to 
bandwidths  less  than  about  10  megacycles,  and  center  fretiuencies  to  less 
than  |)erhaps  80  megacycles  per  second.  The  wide  frequency  band  of  |h)s- 
siblc  fu/e  activity  can  be  covered  with  such  a  delay  line  by  using  a  su|H'r- 
heicrodync  technique.  In  such  a  circuit,  some  portion  of  the  total  r-f  fre- 
({urncy  band  is  converted  to  an  i-f  band  in  an  Input  mixer.  The  input  mixer 
is  followed  by  an  i-f  section,  which  contains  most  of  the  repeater  gain  as 
well  as  the  delay  unit.  I'he  output  of  the  I-f  se«ctlon  Is  then  reconverted  to 
the  r-f  band  using  a  .second  (output)  mixer.  The  frequency  bund  covered 
instantaneously  l>y  the  repeater  can  then  be  varied  over  the  total  r-f  band 
of  the  equipment  by  appropriate  ItKul  o.Hcillator  tuning. 

A  second  l)aslc  problem  of  the  time-shared  single-antenna  repeater  is  the 
transmit-rcceiver  switch  (TR)  unit.  One  solution  to  this  problem  depends 
on  the  use  of  a  distributed  ampllfter,  (DA)  as  the  repeater  output  umplll^er. 


KuiCmk  16-5  Hlock  Dittarnm  of  n  Simple  Time'Shared  Superheterodyne  Ke|H*nler 


Tigurc  16-5  is  u  bltnik  diagram  of  a  superheterodyne  rc|Katcr  in  which  the 
output  DA  is  used  as  the  TK  unit.  During  reception,  transmission  cannot 
occur  due  to  the  presence  of  a  large  negative  bias  at  the  control  grids  of  the 
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power  distributed  amplifier.*  Received  signHls  travel  In  a  reverse  direction 
down  the  power  DA  plate  line.  Transmission  is  permitted  only  when  an  ap¬ 
propriate  KAiing  signal  Is  applied  at  the  power  DA  grid  line.  During  trans¬ 
mission,  either  the  optional  input  amplifier  the  Input  mixer  serves  as  a 
reverse  termination  for  the  power  DA  plaic  line.  The  reverse  termination 
power  of  a  DA  approaches  the  forward  termination  (or  output)  power  at 
certain  frequencies,  so  that  substantial  tH)Wfr  absorption  capability  is  neces¬ 
sary  in  the  input  circuit  of  a  high-powered  device. 

Two  basically  different  patterns  of  local  oscillator  fre({uency  variation  have 
been  employed  In  fuse  repeaters  developed  In  the  United  States.  The  local 
oscillator  has  been  swept  continuously  in  the  case  of  the  short-delay  repeater 
(Reference  3)  and  step|>ed  in  the  case  (d  ;he  long-delay  ret>enter  (Reference 
4).  It  will  be  recognized  that  when  the  local  oscillator  of  a  repeater  is  swept 
continuously,  us  in  the  short-delay  ret)oater,  there  Is  a  difference  in  the  mean 
frequency  of  the  received  signal  and  the  mean  frequency  of  the  subsequent 
transmission.  Thus,  there  is  what  may  be  referred  to  as  an  '^artificiai  doppler 
shift”  of  the  transmitted  signal.  Thl.s  phenomenon  may  actually  be  used  to 
advantage  since  In  many  tactical  fil^uatluns  there  Is  negligible  (natural) 
doppler  shift  of  the  signal  returned  by  the  repeater.  For  a  device  utilizing  a 
2-microsecond  delay  line,  one  finds  thit  an  artificial  doppler  shift  of  600 
cps  results  for  a  haral  osciliatur  sweep  wite  of  300  me  \wr  second  per  second. 
With  an  instantaneous  re[)eater  bandwidth  of  10  megacycles,  repeating  of  a 
signal  at  .some  given  frequency  then  occurs  for  about  33  milliseconds.  A  re¬ 
quirement  by  the  fuze  of  return  signal  |>erslstcncc  In  excess  of  33  milliseconds 
cannot  l)c  met,  of  course,  without  towering  the  sweep  rate  of  the  equipment. 

It  will  be  m)ted  that,  us  the  repeater  delay  is  it  'reused  for  the  contlnuou.sly 
swept  repeater  discussed  above,  the  sweep  rate  must  be  reduced  proportion¬ 
ately  in  order  to  keep  the  artificial  doppler  shift  constant.  I'hus,  as  re)>ea(cr 
delay  Is  increased,  It  becomes  increasingly  difficult  to  cover  the  frequency 
band  in  which  fuze  activity  is  likely  within  the  (*VT  life  of  a  fuze,  On  the 
other  hand,  the  D-fneior  of  the  re|>eater  against  the  CW  fuze  is  nearly  pro¬ 
portional  to  the  square  of  the  reciprocal  of  the  transmission  duty  factor,  for 
delays  substantially  less  than  a  period  at  the  doppler  frequency  and  for  a 
limited  peak  repealer  output  power.  In  actual  practice,  the  duty  factor  of  a 
2-micro.second  repeater  for  use  against  artillery  shells  is  small  (perhaps  one- 
sixth)  since  the  time  needed  for  echoes  to  die  out  is  often  as  much  as  H 
microseconds. 

Kach  component  of  the  fuze  radiation  produces  at  the  lime-shared  repeater 

^Addttionnl  Kittinu  miiy  t>c  cmpioytMi  In  the  tranumltlcr  M’ttion  of  the  rt'iirutt'r,  hk 
i^huwn  hy  the  ditnhed  llnt’K  of  Kizure  K>  5 
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output  a  signal  having  a  discrete  spc'ctrum,  the  lines  of  which  are  separated 
by  the  fundamental  frequency  of  the  re|)eater  gating  waveform.  The  conse¬ 
quent  .signal  impinging  on  the  fu/e  is  also  offset  by  whatever  natural  doppler 
.shift  is  present.  In  addition,  in  the  case  of  the  short-delay  re|H*ater,  the 
Impinging  signal  Is  offset  by  the  artificial  doppler  shift  due  to  local  oscillator 
tuning.  The  fundamental  frequency  of  the  gating  waveform  is  relatively 
high  in  the  case  of  the  short-delay  repeater.  As  a  result,  in  the  case  of  the 
CW  fuze,  only  the  doppler-shifted  carrier  (natural  plus  artificial)  of  the 
spectrum  radiated  by  the  repeater  Is  effective  in  generating  In  the  fuze  a 
beat  signal  in  the  doppler  frequency  range. 

The  long-delay  repeater  covers  the  total  r-f  band  by  stepping  the  local 
oscillator  frequency  and  utilizes  a  delay  time  T  of  the  order  of  one-half  of 
the  {>eriud  of  the  highest  doppler  frequency  generated  in  normal  operation 
among  the  fuzes  to  be  countered.*  During  a  Jamming  attempt  against  the 
CW  fuze,  the  local  oscillator  frequency  is  maintained  constant,  producing 
a  return  signal  carrier  differing  in  frequency  by  the  natural  doppler  shift 
resulting  from  the  relative  motion  of  the  fuze  and  jammer.  1*hc  first  side¬ 
bands  of  the  signal  returned  to  the  fuze  by  the  lung-deluy  repeater  again 
differ  from  the  fuze  frequency  by  cither  the  stim  or  the  difference  of  the 
fundamental  frequency  of  the  re]ieuter  gating  waveform  and  the  natural 
doppler  frequency.  The  novelty  of  the  long-delay  re|)fater  lies  In  the  choice 
of  a  T  (and  hence  in  a  choice  of  a  fundamental  frequency  of  the  gating 
waveform)  .so  low  that  the  frequency  separation  of  the  sidebands  of  the 
return  .(igr.al  is  in  the  doppler  frequency  region  Which  return  signal  com¬ 
ponents  pr(>duce  beat  freriuency  components  lying  within  the  fuze  amplifier 
pa.ssbnnd  de|>ends  on  the  passband  of  the  amplifier  and  the  natural  doppler 
shift  occurring  in  a  given  Jamndng  attempt. f 

One  very  reasonable  long-deluy  re|>eatcr  de.Hign  de|>end.s  on  a  choice  of  T 
such  ns  that  mentioned  In  the  previous  paragraph.  For  such  u  choice  It  is 
likely  that  either  the  carrier  or  one  of  the  first  sidebands  of  the  return  signal 
will  produce  u  l)eat  signal  frequency  within  the  fuze  0mplificr  pas.Hband  of 
those  target  fuzes  having  the  highe.st  floppier  frequency  in  oormu!  operation. 
Lower  beat  frequencies  (for  fuzes  having  lower  doppler  frequencies  in  normal 

repi'iitrr  tuniriK  httn  l)crn  MccumpIinhcU  by  nrqucnclna  amonii  i  set  of  fixed 
frequency  local  OHciltatom,  The  choice  of  re|>eM(cr  delay  lime  T  1m  comddrred  further  In 
I  he  next  |mri&aotph, 

tThi)  fretjnency  h  (fencrated,  In  a  fuze  rmployinz  an  OMClIlatlnK  detector, 

due  to  the  iockdn  phenomenon  of  oM'IIUtorM.  "I.ock  in"  referx  to  the  xynchroniration  of 
an  oxcilintor  by  an  exiernni  xlttnal  when  the  external  alKnul  Im  of  xuflUleni  strength  and 
U  Hutdeienll)  cIom*  to  the  undlxturbed  oxclIhOor  freq*Jency,  In  the  "oxcillatlnK  detector", 
a  detection  xiunal  (ihat  ix.  a  iH'at  frequency  xlaniil  when  the  normal  return  or  a  jammlna 
xl^nul  Impimtex  on  the  fu/e)  in  tteneruted  by  the  nonlinearity  of  operation  of  the  orcII- 
lator  tube  and  can  Ih*  iditairu'd  from  Rome  convenient  port  of  the  oRcillator  circuit. 
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operation)  may  be  obtained  simply  by  not  trnnsmittinK  in  certain  of  the 
possible  transmission  periods,  These  techniques  permit  effective  jamming  tor 
the  wide  range  of  natural  doppler  frequencies  that  might  be  encountered  In 
tactical  situations. 

In  closing  the  discussion  of  superheterodyne  fuze  repeaters  in  parltculnr, 
it  is  worthwhile  to  comment  that  there  is  a  practical  advantage  in  selecting 
mutually  exclusive  frequency  bands  for  the  r-f,  l-f,  and  local  oscillator  sec¬ 
tions  of  an  equipment.  Problems  associated  with  stray  leakage  are  minimized 
In  this  way;  for  example,  one  reduces  the  danger  that  leakage  from  the  local 
oscillator  section  may  saturate  either  l-f  or  r-f  amplihers.  However,  the  loci 
of  both  the  r-f  and  i-f  bands  are  constrained  to  some  degree.  The  r-f  band  is 
determined  by  the  equipment  application,  whereas  the  i-f  band  is  restricted 
by  the  limitations  of  delay  lines.  This  problem  may  be  solved  best  by  using 

n  double-conversion  technique.  Fig¬ 
ure  16-6  shows  a  possible  choice  of 
frequency  bands  for  the  various 
sections  of  a  repeater  covering  the 
60  to  300-mcgacyclc  band  and  Il¬ 
lustrates  the  frequency  separation 
principle. 


16.  The  Suprrregrnrrative 
Hrprairr 

The  su|>erregeneratlve  tr|>eater 
(Reference  5)  Is  a  superregmera- 
tivc  receiver  In  which  the  regenera¬ 
tive  l(M)j)  (I.e.,  the  oscillator)  Is 
coupled  bilaterally  to  the  antenna. 
The  heart  of  the  superrcgeneratlve 
receiver  is  an  oscillator  in  which 
oscillations  arc  allowed  to  build  up 
re|>ctit{vely.  Intermediate  to  these 
16-6  Block  DUgr.m  of  t  Rrix.lcr  ,,^riod.H,  the  oMcllintor  i.s 

Km,!oy,n«  Double  Convcr.l»n  In  or- 

der  to  dissipate  rapidly  the  r-f  energy  .stored  in  the  oscillator  circuit. 
In  the  absence  of  an  Impinging  signal,  the  r-f  pul.^es  (oscillations)  build  up 
from  circuit  noise.  When  a  signal  signlAcantly  above  the  nol.se  is  present 
during  pulse  initiation,  however,  the  oscillations  grow  essentially  from  the 
signal.  Thus  a  small  signal  which  is  present  at  the  time  of  pulse  Initiation 
Innuences  both  the  phase  ami  frequency  of  the  pulse, 

In  the  ca.se  of  the  .su|)er regenerative  receiver  the  pulses  arc  quenched 
before  the  oscillator  loo{)  can  saturate,  for  impinging  signals  in  some  range 
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of  umpiltiidp^.*  The  peaks  of  ii  succession  of  pulses  tend  lo  follow  the  AM 
audio  waveform  of  the  Inccuning  siKnal  since  the  firml  amplitude  of  the  pulses 
is  closely  related  to  the  maKnitude  of  the  lm[)inf<in{t  slKnnl  at  pulse  initia¬ 
tion.  Thus,  the  envelope  of  the  receher  pulses  is  an  approximate  reprmluc- 
tlon  of  slow  AM  on  an  Impinnin;;  signal  within  the  dynamic  runKc  of  the 
circuit. 

The  pulses  Kencrated  In  the  rcKeneratlve  hjop  (d  the  superrewencrative 
rej^eatcr  arc  radiated  as  a  result  of  the  bilateral  coupling  between  the  loop 
and  the  antenna.  There  is  a  maximum  usable  growth  period  (pulse  length) 
for  the  suiH*rrcgenerailvc  repealer  which  results  from  the  existence  of  radar 
echoes,  and  varies  from  site  to  silo.  'I’hls  limitation  arises  from  the  fiM’l  that 
the  repeater  saturates  rapidly  when  the  return  energy  becomes  excessive, 
the  saturation  lime  dejwnds  on  the  terrain  charactcrlstic.s  of  u  given  site.  The 
pulse  length  which  may  be  employed  also  depends  on  the  prf  being  employed 
and  the  average  power  limitation  of  the  equipment. 

The  amplification  /\  of  a  super  regenerative  repeater  (and  receiver)  in 
which  complete  (|uenchlng  is  achievrt!  between  pulses,  for  very  narrow- band 
signals  at  levels  smaller  than  that  which  produces  saturutlori,  is  a  function 
of  the  frequency  of  the  a|>plled  signal. f  'I'his  gain  <iependence  Is  portrayed 

In  Figure  1 6- 7a,  and 
may  be  contrasted,  as 
.shown  In  Figure  1 6- 7b, 
with  the  gain  dc|)end- 
ence  when  (|uenching  Is 
Incomplete.  When  the 
Kioesit  16-7  Gain  Vcraun  Frequency  CharsctcriMlcn  of  bandwidth  of  the  re- 
Supcrrcuencrative  Kepister* 

cant  compared  to  the  width  of  the.se  gain  curves,  there  may  be  considerable 
difference  between  the  s|)eclra  of  the  received  and  transmitted  signals.  In 
ihl.H  situation,  the  spectrum  of  the  signal  transmitted  by  the  repeater  de¬ 
pends  in  a  relatively  complicated  way  on  the  exact  character  of  the  re¬ 
ceived  signal  (luring  the  periods  of  pul.se  initiation. 

'Fwo  problems  discussed  In  connection  with  the  time-shared  repeater  arc 
again  encountered  with  the  superregenerative  repeater.  Successful  super- 
regenerative  repealer  operation  against  the  C'W  fuze  depends  on  the  existence 
of  a  doppler  shift  of  the  transmitted  signal,  unless  the  envelupe  of  its  trans¬ 
mitted  signal  geneiate.s  un  audio  waveform  at  the  fuze.  It  is  impractical  to 
nminlain  an  artificial  doppler  .shift  (audio)  with  such  a  device,  so  that  jam- 

^Clruriy,  the  Maiumlion  level  U  related  to  the  dynamic  ranae  of  »uch  h  receiver. 

tAmpllhciUlon  refera  In  thU  cane  to  the  ratio  of  the  maKnitude  of  the  Input  aiKnal  to 
the  nuutnitude  of  the  peak  pulae  amplitude. 


f  t 
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mlng  effectiveness  may  depend  on  relative  motion  of  the  Jammer  and  fuze. 
In  addition^  the  instantaneous  bundwidths  of  known  superregenerative  re¬ 
peaters  are  very  small  compared  to  the  band  of  possible  fuze  activity.  Useful 
sweep  rates  are  restricted  by  the  slanal  |>ersistence  requirements  which  arc 
likely  in  modern  fuzes.  As  a  result,  the  r-f  band  which  can  be  covered  effec¬ 
tively  with  such  a  Jammer  is  narrow. 

16.6  Design  Philosophies  for  General  Purpr^i*)  Repeaters  for  Use 
Against  Radio  Doppler  Fuses 

The  preceding  discussion  of  repeaters  has  confined  to  their  use 
against  CW  fuzes.  Repeaters  are  well-suited  to  this  use,  and  both  the  time- 
shured  single-antenna  re^^eater  and  the  superregenerative  repeater  have 
u|)crutf(l  successfully  against  s()eciflc  CW  fuzes.  Conclusions  as  to  the  utility 
of  rc|)c(;ters  against  doppler  fuzes  in  general  are  much  more  dtfikult.  In  par¬ 
ticular,  there  are  a  variety  of  relatively  simple  fuzes,  the  Idealizations  of 
which  have  range-cutoff  characteristics.  The  D-factor  is  large  for  repeaters 
located  remotely  from  fuzes  having  good  range-cutuff  characteristics.  On  the 
other  hand,  one  expects  such  rnnge-culoff  characteristics  to  be  continuous. 
Thus  there  is  a  possibility  that,  for  some  ranges  greater  than  the  design  burst 
height,  a  short-deky  repraicr  signal  may  have  a  reasonable  D-fuctor  agaln.st 
many  doppler  fuzes.  This  suggests  that  a  small  short-delay  equipment  with 
an  omnidlrecticnHl  antenna  might  provide  reasonably  cfAcient  local  protec¬ 
tion  against  proximity-fuzed  shells.  The  merit  of  such  an  equipmeni  dei)ends 
in  part  on  whether  there  Is  sufficient  advantage,  In  a  specific  applicstion,  to 
predetonation  at  a  range  of  a  few  times  the  normal  burst  height. 

Alternatively,  a  Jammer  design  may  be  predicated  on  specific 
propertie.s  of  the  enemy  fuzes.  For  example,  large  repeaters  (which  mi» 
have  sub.ntantiai  jamming  range  to  justify  themselves)  are  constructev'  .t 
the  assumption  that  fuzes  with  restricted  range-cutoff  capability  will  be 
encountered.  Such  design  assumptions  may  be  Justified  in  certain  instances. 
In  parllcular,  n  s|)ecific  proj>erty  may  be  characteristic  of  fuzes  for  a  specific 
application  as  a  rc.sult  of  volume  limitation,  econiimlc  factors,  or  the  state-of- 
the-art.  However,  it  is  very  difficult  to  successfully  predicate  the  design  of 
c(|uipments  with  broad  utility  on  fuze  properties  resulting  from  specific  cir¬ 
cuit  techniques. 

16.7  The  Use  of  Ke{H?«tcr  Jamniera  Against  Conventional  Voice 
('oniniutilcallon  Links 

The  merit  of  the  simple  repeater  as  u  Jammer  against  conventional  voice 
lirik.H  has  not  been  proven.  The  use  of  a  sintpic  repeater  to  effect  a  reduction 
of  the  field  strength  at  a  target  receiver  is  generally  impractical,  even  though 
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this  can  be  done  in  principle  Neither  can  use  be  made  of  the  fact  that  a 
repeater  with  proper  gain  and  a  delay  of  sufficient  length  would  act  as  a 
comb  filter  to  sideband  components  of  the  communication  signal.  The  diffi¬ 
culty  here  Is  that  such  Altering  may  well  not  greatly  reduce  message  intel¬ 
ligibility.  There  is  even  a  danger  that  in  using  a  repeater  for  communication 
Jamming,  the  repeater  will  actually  augment  the  direct  transmission.  Finally, 
the  j>erIods  of  transmitter  inactivity  for  the  time-shared  repeater  result  In 
periods  during  which  the  communication  link  is  not  jammed.* 

A  multitude  of  voice  communication  jammers  can  be  envisioned  having 
some  of  the  properties  of  a  repeater,  but  having  potential  merit  as  a  result 
of  basic  variations  from  the  simple  time-shared  repeater.  Consider,  for 
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example,  the  systems  block-diagrammed  in  Figure  16-8.  Figure  16-8a  is  an 
Idealization  of  the  simple  time-shared  repeater.  In  the  system  of  h'lgure  16- 
8b,  a  number  of  simple  repeaters  are  c})erated  in  parallel.  A  ^'babble  of 
voices"  jamming  signal  can  he  rcradlated  by  using  various  values  of  delays 
(of  the  order  of  seconds  or  lunger)  in  the  several  channels.  In  practice,  such 
a  jamming  signal  would  usually  be  generated  with  a  system  analogous  to 
Figure  16*8c,  in  this  system,  samples  of  the  modulation  signal  are  obtained 
and  stored  In  a  tape  memory.  In  the  meantime,  the  carrier  of  the  received 
signal  is  obtained;  a  narrow-hand  filter  Is  employed  fur  this  purpose  in  the 
illu.stration.  A  jamming  signal  is  then  obtained  by  modulating  the  extracted 

duty  fucinr  for  rereption  of  numc  cqulpmrntx  dlicuiird  below  msy,  however,  bo 
ruthtr  xmttll. 
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carrier  ilgnal  ilmulUneously  with  several  of  the  stored  modulation  samples. 

The  .'lystem  of  Figure  16-8d  permits  modulation  of  the  extracted  carrier 
with  waveforms  havlnf^  any  desired  dependence  on  the  pro(>erties  of  the  re¬ 
ceived  siftnal.  Figure  16-8d  is  In  essence  a  spot  Jammer  and  therefore  differs 
greatly  from  a  simple  repeater.  On  the  other  hand,  the  systems  of  Figures 
16-8b  and  16-8d  may  be  essentially  equivalent;  fur  example,  equivalent 
babble  of  voices  jamming  might  be  generated  with  the  two  circuits. 

The  systems  of  Figures  16-8c  and  16-8d  have  a  weakness  inherent  to  s|K)t 
Jammers  in  that  they  must  be  tuned  to  the  channel  which  is  to  U*  Jammed. 
Figure  l6-8e  is  a  broadband  counterpart  of  Figure  i6-8d,  but  has  the  great 
disadvantage  that  the  sidebands  of  the  received  signal  are  present  in  the 
retransmitted  signal.  One  Is  again  confronted  with  the  danger  that  com¬ 
munication  may  actually  be  improved  by  the  repeater.  The  effectiveness  of 
such  a  Jamming  equipment  is  therefore  critically  dependent  on  the  masking 
properties  of  the  mo<iulation  Introduced  at  the  Jammer. 

Voice  communication  Jammers  analogous  to  the  systems  of  Figures  16-Sc, 
d,  and  e  have  been  constructed  and  evaluation  studies  are  continuing  (Refer¬ 
ences  6,  7,  8,  and  9).  Conclusions  as  to  the  relative  effectiveness  of  the 
various  schemes  are  particularly  complicated  when  mu1tlple-pur|)ose  eouip- 
ment,  such  as  u  Jammer  intended  for  use  against  both  AM  and  FM  com¬ 
munications,  are  under  study. 

16.8  The  Use  of  Repeaters  Against  Code<i  Radio  Transmission  Links 

16iS.i  Introduction 

It  is  convenient  to  classify  coded  radio  transmission  links  ss  a.synchronous 
although  the  delineation  is  not  clear-cut.  Examples  of  links  which  are  re¬ 
garded  here  as  asynchronous  include  those  which  are  hand-keyed,  and 
common  teletype.  In  the  latter  case,  start  and  stop  pulses  are  tran.smitted 
with  each  character,  a  character  consisting  of  some  small  Hxed  number  of 
pul.Hcs  for  a  given  coding.  These  start  and  slop  pulses  may  actually  be  used 
to  obtain  synchronisation  within  the  Individual  characters,  but  such  links  are 
regarded  as  asynchronous  in  this  delineation.  By  contrast,  synchronism  is 
nmintained  for  periods  of  the  order  of  days  In  other  (synchronous)  links. 

Asynchronous  coded  radio  links  often  employ  frequency-.shift  keying.  In 
any  event,  the  Information  bandwidth  of  asynchronous  transmissions  is 
often  snmli,  the  biindwldth  of  the  s|>ectrum  of  the  transmitted  signal  is  often 
comparable  to  the  information  bandwidth,  and  there  are  essentiully  a  set  of 
characteristic  lre(|uencles  of  transmission.  For  example,  there  arc  two  char¬ 
acteristic  fretpiencies  in  the  case  of  a  Simplex  teletype  channel.  As  would 
be  expected,  efficient  Jammers  of  asynchronous  links  such  as  those  mentioned 
above  radiate  spectra  concentrated  near  these  characteristic  frequencies. 
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In  the  case  of  common  teletype,  one  ty|>e  of  error  which  can  be  produced 
t)y  Jamming  and  known  as  *‘hii’'  results  from  Interference  with  the  character- 
by-chnracter  synchronization  {that  Is,  by  Inducing  errors  In  the  lime  of 
character  rcnd-<'uts).  An  error  In  one  or  more  charocters  may  be  generated 
In  this  way  each  time  character  synchronization  Is  l)roken,  It  has  l)ccn 
fouml  that  a  major  reduction  in  transmission  efficiency  can  be  obtained 
reliably,  In  the  case  of  a  Simplex  channel,  if  a  Jamming  to  signal  J/S  fatio 
greater  than  about  six  decibels  can  be  achieved  at  the  receiver  input.  Such 
Jamming  cun  be  accomplished  with  a  variety  of  devices,  which  have  output 
spectra  concentrated  near  the  charui* eristic  frequencies  oi  the  target,  link, 
including  repealer-like  devices  similar  to  lho.He  di.scus.sed  in  connection  with 
vo/icc  communication  Jamming. 

Kquipment  of  s|>ecial  design  can  be  employed  for  coded  communications 
over  distances  short  enough  so  that  a  single  reliable  path  exists.  Hits  can  be 
greatly  reduced  in  this  way  at  a  fixed  J/S  ratio.  For  e.xamplc,  prediction  cir¬ 
cuits  can  be  utilized  to  imprfwe  the  probability  of  synchronizing  on  the 
proper  pulse.  In  general,  one  finds  that  ax  the  degree  of  synchronism  of  the 
target  link  Is  increased,  the  Jamming  problem  car.  be  made  Increasingly 
(limcult. 

Synchronization  of  a  transmission  link  permits  lncrea.sed  reliability  of 
transrnis.siun  in  the  presence  of  Jamming  (anti-jamming  (A-J)  udvaninge). 
or  increased  niessago  security,  or  hilling,  or  some  combination  of  the  above, 
as  compared  with  asynchronous  links.  'I'hesc  Improved  link  pro|>erlies  can 
be  obtained  by  transmitting  a  signal,  some  pro|>erty  of  which  is  pseudo 
random.  Hy  this  is  meant  that  this  pro))erty  of  the  transmitted  signal  Is 
being  varied  In  u  pattern  related  to  the  level  variations  of  a  (binary)  pulse 
sequence.  Short  .sampie.n  of  these  pulse  .sequence.s,  which  are  often  generated 
with  a  shift-register,  look  much  like  a  random  telegraph  signal.  However, 
thc.se  pulse  trains  arc  In  fact  periodic  (commonly  having  periods  of  the  order 
of  days)  and  can  readily  be  reproduced  at  a  receiver  for  use  In  decoding 
provided  the  necessary  interconnections  of  u  shift- regl.sler  generator  have 
been  made  known  (Reference  10).  Correlation  techniques  or  higher  special¬ 
ized  (lemodulatioc.  schentes  are  ernployeil  in  ilccoding  at  the  receiver  of  xsuch 
a  link  (Reference  II),  In  general,  ikc  decoding  U  strongly  dependent  on 
synchronization  and  on  an  exact  knowledge  of  the  pulse  sequence  employed 
in  encoding  al  the  transmitter.  The  requirement  of  brevity  permits  a  dis¬ 
cussion  of  only  the  following  example  of  the  many  p()ssii)le  coding  schemes 
which  can  be  employed. 

One  encoding  .scheme  (Reference  12)  depeniis  on  the  generation  of  a  pair 
of  binary  sequences  at  a  transmitter.  One  bit  of  information  can  be 
transmitted  in  some  time  interval  through  exercising  a  choice  as  to  which  of 
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thr  two  pulse  sequences  is  employed  In  cunstructinx  a  signal  for  transmission 
!n  this  time  interval.  The  chosen  pulse  sequence  inight  be  passed  throuah  a 
narrow  band  Altcrj  augmented  with  nolse^  and  the  resulting  waveform  used 
as  a  modulation  signal  during  the  transmission  interval.  At  the  receiver,  a 
decision  as  to  which  of  the  two  |>osslble  pulse  trains  was  employed  in  gener¬ 
ating  the  modulation  waveform  is  made  after  determining  the  correlation 
between  the  received  signal  and  signals  generated  in  a  similar  manner  ut 
the  receiver  with  each  of  the  iml.se  se(|uences. 

The  autocorrelation  function  of  the  secjuences  discussed  above  can  be 

ma^c  to  approximate  the  sketch  of 
Figure  16-9.  The  width  of  the 
spikes  of  the  autocorrelation  func¬ 
tion  can  l>e  made  smaller  by  sim¬ 
ply  decreasing  the  pulsewldth, 
*  produces  an  increase  in  the 

Fmosr.  t5.o  Idesli/H  Autocorrelation  Kune  bandwidth  of  the  s|)ectrum.  The 
tlon  of  Bln.r>  Pul«  Sequence  synchronous 

link  employing  pseudorandom  encwling  depends  on  the  use  of  a  correlntltui 
type  receiver  and  on  the  use  of  n  large  numl>er  of  pulses  for  each  uans- 
mltted  bit.  I'he  use  of  a  large  tuind)er  of  pulses  having  a  pseudorandom 
relation  for  each  transmitted  l)lt  prtKluces  a  transmission  spectrum  which 
is  very  wide  for  a  given  rale  of  information  transfer,  and  simultnncou.sly 
makes  It  difAcult  for  a  jammer  t(»  achieve  the  requisite  currclntlcm  between 
the  jamming  signal  and  the  transmitted  signal.  An  increase  in  message 
security,  on  the  other  hand,  Is  more  fundamentaliy  related  to  the  obtuse 
relation  between  the  message  and  Its  encoded  form  (i.e.,  the  enc<»dlng) 
rather  than  on  the  bandwidth  of  transmls.slon.  Hiding  of  a  transmission  is 
enhanced  by  obtaining  a  noise-lIke  encoding,  a  broad  transmission  spectrum, 
and  transmission  at  the  lowest  practical  power  level. 

16.8.2  Jamming  Hchemea  Driieinling  on  Multipath  DUturtloii 

Difficulties  are  encountered  in  operating  either  asynchronous  or  synchron¬ 
ous  links  over  distances  such  that  a  single  reliable  path  does  not  exist. 
Ionospheric  transmission  often  occurs  .simultaneously  over  paths  having  a 
variety  of  lengths,  and  the  propagation  of  the  individual  paths  !s  often 
sporadic  C'ertain  basic  techniques  which  have  been  used  to  Improve  trans¬ 
mission  with  asynchronous  links  are  referred  to  as  space,  frequency,  ami 
time  diversity  (Reference  13),  These  lechniqucf;  are  mentioned  Ih*Iow,  Cer¬ 
tain  jamming  possibilities  arising  from  the  use  of  these  techniques  are  also 
discussed.  Attention  is  given  i;pecincally  to  the  difficulty  of  multipath  dis¬ 
tortion  in  synchronous  links  and  certain  related  jamming  possibilities. 
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Space  diversity  is  t  technique  for  combating  nuiltlpnih  distortion  in  which 
a  number  of  receivers  are  disposed  at  various  ranges  from  the  transmitter. 
Space  diversity  is  suggested  by  the  fact  that  little  correlation  is  observed 
among  the  fading  of  the  signals  obtained  at  several  receivers^  provided  they 
are  sufficiently  separated.  In  frequency  diversity^  on  the  other  hand,  trans¬ 
mission  occurs  at  a  multiplicity  of  frequencies.  Again,  the  merit  de;>cnds  on 
an  essential  independence  of  fading  properties  for  widely  separated  fre¬ 
quencies.  Finnlly,  time  diversity  systems  dei>end  on  obtaining  received  sig¬ 
nals  which  nte  distributed  in  time. 

Systems  employing  any  of  the  above  techniques;  or  combine  lions  of  them, 
provide  a  number  of  signal  samples  from  which  one  wishes  to  make  a  reliable 
estimate  of  the  transmitted  signal.  The  processes  of  detection,  weighting,  nnd 
combining  are  used  in  forming  an  output  signal.  These  processes  occur  in 
various  orders  in  extant  systems,  and  a  number  of  weighting  schemes  have 
been  employed.  For  example,  one  may  simply  choose  the  signal  sample  hav¬ 
ing  the  highest  average  ,‘>ower  and  ignore  the  remainder.  Uniform  weighting 
of  all  sfrnal  samples  has  al.so  been  considered,  as  well  as  weighting  according 
to  the  average  power  of  the  signal  samples.  Each  of  these  various  weighting 
schemes  has  advantages  in  certain  applications. 

The  potential  of  a  repeater-like  jantmer  against  asynchronous  communica¬ 
tion  links  employing  diversity  techniques  Is  dependent  on  the  weighting 
scheme  used.  When  the  weighting  df|)ends  on  received  signal  pow,  ,  it  may 
be  po.Hslble  to  build  up  the  value  of  the  weighting  function  for  one  signal 
with  strong  transmissions  from  a  repeater.  Repeater  transmissions  would 
then  be  interrupted  and  noise  jamming  could  ensue  fur  the  persistence  (period 
of  the  weighting  circuits.  Such  a  Jammer  would  have  no  special  merit  against 
a  link  employing  Axed  weightings  of  the  several  received  signals. 

Space  diversity  is  often  an  impractical  technique  for  solving  the  problem 
of  multipath  distortion  in  synchronous  pseudorandom  links.  This  /rises 
from  the  fact  that  the  spikes  of  the  autocorrelation  function  in  such  n  link 
arc  usually  very  narrow.  A.s  n  result,  all  the  paths  of  effective  received  signal 
components  mu.st  be  very  nearly  of  the  same  length.  Typically,  only  a  few 
such  paths  will  exist.  'I'hls  is  to  be  contrasted  with  links  utlliKing  more 
efficient  codltig.  These  links  may  have  a  larger  numl)cr  oi  effective  paths  us 
a  consequence  t)f  ihclr  wider  autocorrelation  spikes,  One  would  cx[)ecl  the 
transmission  properties  to  become  independent  more  rapidly,  as  the  sites  are 
separated,  when  they  are  derived  from  a  large  number  of  paths  of  widely 
distributed  length  than  when  they  arc  derived  from  a  few  paths  <jf  nearly 
the  same  length.  Two  specific  schemes  for  combating  multipath  distortion 
which  have  been  use<l  in  pseudorandom  links  and  which  are  essentially  time 
diversity  techniques,  are  mentioned  below. 
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One  srheme  (r-trackinff)  (Reference  12)  for  reducing  multipath  distor¬ 
tion  in  pseudorandom  links  involves  the  use  of  three  correlators  at  a  re¬ 
ceiver.  Two  of  these  correlators  are  operated  at  delays  differing  by  approxi¬ 
mately  the  width  of  the  autocorrelation  spike  of  the  transmitted  signal.  A 
variable  delay  is  adjusted  continuously  to  hold  an  error  signal,  made  up  of 
the  difference  of  the  two  correlator  outputs,  near  zero.  The  output  is  taken 
from  a  third  correlator  operating  at  a  delay  value  Intermediate  to  the  delays 
of  the  correlators  in  the  control  circuit.  The  time  constant  of  the  correlator 
delay  control  circuit  is  such  as  to  permit  the  receiver  to  track  the  typical 
slovr  variation  of  effective  path  length  of  the  link,  i.e.,  trucking  in  delay  r. 

It  has  been  prot>oscd  that  a  repeater-like  equipment  in  a  favorable  tactical 
situation  could  lower  the  transmission  eftkiency  of  a  link  employing  r-track- 
Ing  by  ^'range-stealing  and  dumping.”  In  this  scheme^  a  repeater  Induces  some 
delay  setting  at  the  correlator  with  strong  transmissions.  The  correlator  is 
then  "dumped”  at  this  delay  by  interruption  of  repeater  transmissions.  The 
jammer  may  even  transmit  noi.se  intermediate  to  repeating.  In  order  for  this 
scheme  to  be  successful,  the  delay  of  the  repeater  transmission  path  muat 
fall  within  the  range  of  delay  times  in  which  normal  link  operation  is  per¬ 
mitted.  The  repeater  must  therefore  be  located  more  or  less  between  the 
transmitter  and  repeater,  the  precise  requirements  depending  on  the  vari¬ 
ability  of  thtf  receiver  correlator  delay.  Such  a  jammer  site  may  not  be  ob¬ 
tainable. 

RAKE  (Reference  14)  is  a  Kheme  for  combating  multipath  distortion 
in  which  a  delay  line  with  a  large  number  of  hxed  taps  Is  employed  at  the 
receiver.  Demodulation  correlators  are  employed  at  each  tap.  The  receiver 
output  is  made  up  from  the  weighted  outputs  of  the  several  correlators.  'Phe 
correlator  outputs  are  weighted  according  to  their  average  output  powers 
over  some  relatively  long  |>eriod.  Repcatcr-llkc  devices  apt>rHr  to  be  one  of 
the  most  promising  jammer  types  fur  use  against  RAKE.  The  weighting  dis¬ 
tribution  on  the  outputs  cf  the  correlators  can  in  principle  be  nuKlIAed  by 
reinforcing  tran.smisslon  strongly  with  a  favorably  disj^osed  repeater.  The 
receiver  channels  which  arc  "opened  up"  In  this  way  are  then  subjeclc<l  to 
noise  jamming  for  some  time  interval.  Again,  the  availability  of  a  favorable 
jammer  site  is  critical. 


I6>9  Some  Griirral  Reniarka  (!onrci»t«ing  jAmtm«*  Look-Through 
f:apiihlUty 

jammers  with  provisions  for  monitoring  while  jamming  (look-through 
capability)  have  been  sought  widely.  Information  obtained  using  l(K)k- 
through  may  permit  an  Increase  In  jammer  effectiveness  by; 
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1 )  incmininK  the  Jamming  duty  factor 

2 )  Improving  »ct*on  accuracy 

3 )  confining  jamming  to  |>eriods  of  target  activity 

4)  adju!*tlng  jamming  signal  parameters  continuously  with  variation  of 
target  parameters. 

The  100  percent  duty  factor  (two-antenna,  repeoter,  which  has  not  been 
successfully  employed  for  fuze  or  communications  countermeasures,  Is  an 
example  of  a  jammer  with  look-through  capability. 

Construction  of  a  communications  jammer  with  look-through  capability, 
referred  to  as  C'MJS  (continuous  monitor  jamming  system),  was  completed 
by  the  Electronic  Defense  Group  of  The  University  of  Michigan  In  1957 
(Reference  15).  This  equipment  radiates  a  continuous  FM  Jamming  signal. 
Leakage  from  the  transmitting  antenna  to  the  receiving  antenna  is  utilized 
ns  u  local  oscillator  signal  nt  the  look-through  receiver  of  this  equipment.  A 
target  signal  is  indicated  when  an  output  Is  obtained  from  n  special  low- 
pass  i-f  section  in  the  receiver.  Huth  AM  and  FM  modulations  on  the  target 
signal  may  also  be  reconstructed  (read-through  capability),  using  a  cor¬ 
related  sampling  of  the  out[>ul  of  the  receiver  1-f  section. 

Monitoring  of  target  signals  can  also  be  accomplished  by  time-sharing 
bi*twren  reception  and  transmission.  Examples  of  such  equipment  include 
lime-shared  rcpeairrs  and  the  KDL  “Hunt  and  LsKk-On  System”,  (Ref¬ 
erence  16),  which  has  proven  effective  against  simple  UW  fuzr.s.  The  Hunt 
and  I..ock-on  System  operates  in  a  search  mode  until  a  target  signal  is  selected. 
It  then  operates  us  a  sp<;l  jammer  for  some  predetermined  interval  ’  y 
radiating  an  internally  generated  carrier  which  is  square-wuve  modulated 
at  an  audio  rate.  Set-cn  is  maintained  by  monitoring  of  the  target  signal 
during  the  transmitter  dead  times.  When  the  set-on  accuracy  Is  maintained 
satlsfactoiily  (to  within  jwrhaps  5  kc  for  typical  small  ('W  fuzes),  jam¬ 
ming  effectiveness  against  a  single  fuze  is  comparable  to  that  of  the  long- 
delay  repeater.  'I'hc  Hunt  and  Ltark-On  System  has  a  very  narrow  Instan¬ 
taneous  bandwidth  and  usually  processes  target  fuzes  individually.  The  time 
rate  at  which  fuzes  can  be  processed  with  this  etpiipmcnt  Is  therefore  lim¬ 
ited.  Hy  contrast,  extant  rc))eaters  can  handle  large  numbers  of  fuzes  by 
power-sharing  among  them  at  a  commensurately  reduced  range.  Monitoring 
scheme.^  which  depend  on  i line-sharing  endanger  jammer  effectiveness 
when  the  length  of  the  reception  periods  is  comparable  to  the  rccipr</:al 
of  the  bandwidth  of  the  target  etpiijunents. 
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17.1  Introcluction 

Automatic  operation  of  equipment  becomes  a  necessity  when  lack  of  time 
does  not  |>ermit  h  human  to  make  a  quick  decision.  Electronic-warfare 
e({ui[)ment  can  be  ujierated  with  momentary  notice  If  programmed  controls 
are  used.  The  use  of  prugramming  means  that  decisions  have  been  made 
concerning  how  and  when  the  equipment  should  0{>erute  under  ex{)ected  con¬ 
ditions.  Programmed  systems  may  be  simple  or  complex.  For  example,  a 
simple  programmed  system  might  consist  solely  of  a  repeater  designed  to 
function  against  proximity  fusr.s  of  u  s[)eciAc  tyi>c;  in  this  case,  a  decision 
to  exclude  other  fuses  has  been  made  before  the  repealer  was  designed  and 
constructed.  A  complex  !»yitem  could  be  one  such  as  the  airborne  programmed 
Jamming  system  discussed  In  this  chapter.  'Phis  example  Is  given  only  to 
Indicate  the  types  of  |)roblems  encountered  when  designing  such  a  system. 

SpeciHcally  the  typicjtl  types  of  processing  and  decision  requirements 
neces.sary  in  an  airborne  programmed  Jamming  system  arc  discus.scd.  'I'hc 
components  which  may  be  found  In  a  jamming  system,  e.g.,  Jammers,  inter¬ 
cept  receivers,  anlenna.s,  arc  de.scrlbed  In  other  chapters.  Considerations  in 
ihc  use  of  these  equipments  and  the  role  of  airborne  Jamming  in  the  protec¬ 
tion  of  aircraft  are  also  dlscu.sscd  in  other  chapters. 

17.2  i’rficesilng  and  IWIalon  ilei|uirem«iila 
17,2.1  (pencml 

This  section  explores  the  brain  of  the  .systtMO— the  programmer—  and  deals 
with  the  major  characlcrLstlcs  of  the  “brain’’  and  the  types  of  equipment 
which  may  be  used  for  this  function. 
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It  should  always  be  remembered  that  the  programmer  is  merely  a  means  of 
cuioniatically  implementing  the  wishes  of  Its  designers  and  users;  like  all 
computers,  it  will  never  make  decisions  any  more  wisely  or  any  more  ac¬ 
curately  than  is  warranted  by  the  c.ccuracy  of  the  information  fed  into  It 
during  or  before  the  ilight.  Its  chief  advantage  is  that  !t  can  assimilate  large 
quantities  of  data  and  react  to  them  far  faster  than  a  human  operator,  al¬ 
though  its  'Judgment"  can  never  approach  the  Judgment  of  a  human  b<dng. 
Another  point  that  has  been  raised  before  is  that  the  programmer  does  not 
have  the  same  sense  of  responsibility  for  the  safety  of  the  aircraft  as  a 
human  operator  and  cannot  be  trained  through  experience  to  do  better,  nor 
cun  it  be  courtmnrtialed  when  proved  incompetent. 

Inputs  to  the  programmer  are  derived  from  two  sources:  prefllght  Instruc¬ 
tions  read  into  the  programmer  and  Intercept  Information  received  during 
the  mission  itself  The  pretlight  instructions  basically  establish  what  the 
Jammer  should  do  when  various  combinations  of  input  signals  are  received. 
These  instructions  may  be  of  the  type  that  established  the  priority  of  jam¬ 
ming  modes  where  the  Jamming  equipment  is  capable  of  generating  many 
different  types  of  jamming  signals.  These  priorities  may  be  established  as  a 
function  of  geography,  of  whether  the  aircraft  Is  in  area-defense  or  local- 
defense  regions,  of  whether  the  aircraft  is  alone  or  part  of  a  mass  raid,  and 
of  whether  or  not  other  electronic  equipment  incompatibile  with  the  Jammer 
Is  in  o{>eration.  In-flight  information  to  the  prugramm<«r  may  consist  of  all 
or  part  of  the  interceptor  receiver  data  related  to  the  various  characteristics 
of  the  rcce'ved  radar  signals  or  simply  the  receiver's  evaluation  of  these 
signals  and  subsequent  classifleation  of  them  into  radar  ty|)es,  such  as  early 
warning,  GCi,  acquisition  phase  of  tracking  radar,  tracking  radar,  and  seek¬ 
ing  missile.  Other  In-flight  Information  may  be  related  to  the  aircraft,  such 
as  aircraft  location,  altitude,  and  velocity.  Since  many  degrees  of  complexity 
are  |H}ssible,  the  requirements  for  the  programmer  must  be  carefully  related 
to  the  capabilities  of  the  transmitter  and  the  reaction  time  desired. 

17.2.2  Eiemcnta  of  Programmer  Control 

Typical  elements  of  programmer  control  arc  shown  In  Figure  17-1.  In¬ 
clusion  of  all  or  part  of  tho.ic  functions  in  a  specific  programmed  aulomaiir 
Jamming  system  Is,  of  course,  subject  to  a  variety  of  cur.sideratiuns.  However, 
In  order  to  aid  the  equipment  designer  in  establish  his  own  design  require¬ 
ments,  the  possibilities  of  each  element  of  programmer  control  will  be  dis¬ 
cussed  in  some  detail.  An  example  has  bc'^n  chosen  In  which  a  number  of 
jamming  equipments,  each  covering  m  different  frequency  band  and  each 
capable  of  operating  in  several  distinct  modes,  arc  to  be  controlled  In  one  or 
mure  aircraft  instnllatlons. 
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17.2.3  Mode  Selecting 

'I'he  mode  selector  may  be  considered  as  a  group  of  switches  and  switching 
circuitry  which  activates  the  jamming  transmitters  as  a  result  of  data  inter¬ 
cepted  by  the  receiver.  The  manner  in  which  the  switching  circuitry  is  set 
up  and  the  numbers  and  ty{)os  of  combinations  possible  arc  u  function  of 
the  instructions  fed  to  ii  by  the  compatibility  and  geographic  programmersi 
the  preflight  instruction.s,  and  the  control  panel  (if  used).  Examples  of  type.s 
of  Input  data  fed  to  the  mode  selector  from  the  receivers  are; 

(rt)  Frequency 

Coarse — by  bund 

Fine— to  ihr  ultimate  prccisicjn  of  the  Intercept  receiver 
(6)  Type  of  Radar  Intercepted 
Search,  truck  seeker  missile,  etc. 

Signal  from  other  jammer 
(r)  Number  of  Signal.s  by  liand 
Density  of  radar  signals 
(r/)  Passing  of  Main  Lobe  of  Kaditi’ 

(e)  Modulation  of  Radar  Signal 
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Typical  decisions  made  by  the  mode  selector  are: 

(a)  Pro|)er  mode  of  operation,  e./if.,  barrage  noise,  multispot  noise,  false- 
target  deception. 

(h)  Sequence  in  which  modes  arc  to  be  initiated. 

(r)  UK)k-through  cycle,  if  required. 

{(i)  Modulation  to  Ik;  applied  to  jamming  signal. 

It  is  obvious  that  the  capacity  of  the  mode  selector  depends  upon  the  fol¬ 
lowing: 

(а)  Total  number  of  Input  signals  end  input  signal  levels  measured. 

(б)  Total  number  of  individual  instructions. 

(r)  Total  number  of  individual  decisions  to  l>e  made  (control  buMCS  to 
be  activated). 

Kot  so  obvious  is  the  effect  of  saturation  by  the  radar  environment  upon 
the  receiver-programmer  combination.  Saturation  of  these  elements  may  come 
about  through  the  Interception  of  a  large  number  of  radar  lignala  at  different 
frequencies  in  the  Jammer  band  or  by  the  victim‘s  use  of  a  high  p<»wer,  hlgh- 
duty  factor  radar,  possibly  as  a  decoy,  to  influence  adversely  the  mode  of 
operation  of  the  jammer.  An  example  of  this  would  ^e  the  use  of  a  high- 
[K)wcr  tracking  radar  In  an  area-defense  environment.  In  this  case,  the  Jam¬ 
mer  might  not  resiH}nd  pro|>frly  to  GCT  radars  if  its  look-through  cycle  and 
output  power  level  were  selected  by  the  mode  selector  to  favor  the  tracking 
type  radar  In  response  to  signals  received  from  the  decoy  radar (s).  This 
situation  may  be  avoided  if  there  is  sufficient  capacity  in  the  receiver  pro¬ 
grammer  to  recognise  a  large  number  of  individual  signals  sirnultaneously 
received  so  that  decisions  may  be  made  on  the  basis  of  all  the  input  signals 
rather  than  that  of  a  single  overriding  signal.  Saturation  may  also  be  avoided 
by  Instructing  the  receiver  to  reject  high-duty  factor  signals  or  (if  aufneient 
intelligence  information  was  previously  available)  by  instructing  the  receiver 
not  to  liM)k  at  frequencies  used  by  these  radars.  Salurition  of  the  transmitter 
may  be  avoided  when  pulsed  countermeasures  arc  employed  by  limiting  the 
duty  factor  of  the  transmission  to  an  acceptable,  predetermined  amount, 
rinally,  the  effects  of  saturation  may  be  reduced  by  programming  a  change 
of  mode  of  jamming  to  one  that  is  basicaliy  le.ss  .saturable,  for  example, 
noise  Irurrage  (wide  or  narrowband)  jamming. 

'I'he  mode  .selector  may  be  rctjulred  to  assign  the  kwk-through  period  (if 
laie  Is  employed)  depending  upon  the  probable  radar  type.  The  implementa¬ 
tion  of  this  signal  will  de|Hmd  upon  whether  range  or  angle  jamming  is  re- 
(|ulred,  or  both,  'rhe.se  considerations  at)ply  equally  to  search-tyi>e  or  track- 
type  radars.  When,  ftir  exanqile,  range  jamming  of  the  main  beam  of  a 
search  radar  is  desired,  n  low  duty  factor  jamming  may  be  used  if  jamming 
can  l)e  Initiated  Just  prior  to  the  passing  of  the  main  beam  and  stopped 
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shortly  thereafter.  In  this  case  the  system  will  be  in  a  receive  condition  for  a 
major  portio.;  of  the  time*  On  the  other  hand,  the  range  Jamming  of  a  radar 
which  is  constantly  lllumlneting  the  jammer  ai^rcraft  requires  a  high  duty 
factor  type  jamming  which  is  interrupted  only  rarely  by  receiver  look- 
through  periods. 

The  preceding  paragraphs  treated  examples  of  the  types  of  decisions  that 
the  mode  selector  of  a  programmed  automatic  jammer  is  required  to  make. 
Before  the  design  of  the  mode  selector  is  Initiated,  it  is  wise  to  prepare  a 
table  of  inputs  versus  responses  in  order  that  the  capacity  required  of  the 
mode  selector  may  be  determined.  This  table  should  indicate  each  input 
signal,  the  precision  to  which  it  is  measured,  and  the  resulting  commands 
which  can  be  programmed. 

The  degree  of  possible  mode  selection  nexibIHty  is  directly  related  to  the 
capacity  of  the  mode  selector.  There  are  various  approaches  to  the  design  of 
the  modf-scirctor  equipment  depending  upon  the  flexibility  of  programming 
required.  These  are  shown  below. 

Type  Response  Time  FiexibiUty  of  Prof^ramminK 


Fixed-wired 

Short 

Nundcxlble 

Variable-wired  (plug 

Long 

Flexible 

in  wired  program  punched 

card  or  tape) 

High-speed  memory 

Short 

Flexible 

(magnetic  drum  or  tape) 

The  Axcd-wircd  type  Is  useful  only  when  the  automatic  program  need 
never  be  changed.  In  tills  case,  the  equipment  is  permanently  wired  so  that 
certain  combinations  of  input  signals  always  produce  the  same  jammer  out¬ 
puts.  This  approach  cannot  be  med  where  it  is  necessary  to  alter  any  pro¬ 
gramming  requirements  because  of  changing  missions  or  changing  tactics 
during  a  mission.  It  cannot  be  used  In  any  but  the  simplest  jammers. 

The  variable- wired  type  makes  use  of  programming  changes  achieved  by 
plug-in  wiring  boards  which  can  be  changed  on  a  preflight  basis.  If  program 
changes  are  required  during  the  flight,  these  instructions  can  be  stored  on 
punched  cards  or  punched  tapes.  This  approach  provides  a  great  deal  of 
o|>crational  flexibility  and  can  be  used  when  the  number  of  separate  deci¬ 
sions  and  levels  of  measurement  of  Input  data  is  fairly  restricted. 

When  extreme  operational  flexibility  is  required  and  when  the  number  of 
jamming  modes  and  levels  of  measurement  of  input  data  is  large,  the  use  of 
a  high-speed  large-capacity  memory  such  as  a  magnetic  drum  and  its  as- 
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M)ciatcd  circuitry  is  indicated.  A  mngnetic-drum  type  rriemory  using  conven¬ 
tional  digital-computer  techniques  can  typically  provide  the  capability  for 
making  several  hundred  separate  output  decisions  based  upon  ICX)  to  500 
separate  inputs  in  accordance  with  five  separate  programs  for  penalties  on  the 
order  of  75  pounds,  3  cubic  feet,  and  50  watts  of  primary  pov^er. 

17.2.4  G«o|iraphlc  Program mlnp; 

It  is  often  desirable  to  be  able  to  change  many  of  the  logic  equations  as 
a  ftinction  of  geogrupliy  or  to  meet  changing  tacticu!  situations  during  the 
mission  of  the  jammer  aircraft.  Such  changes  can  be  made  by  a  geographic 
program  unit  which  receives  positional  data  from  the  navigational  system 
of  the  aircraft.  Examples  of  tacUcal  sones  which  may  have  differing  jammer 
requirements  are  as  follows: 

(tf)  Friendly  xone 
(t)  Early  warning  zone 
(r)  Area  defense  zone 
((/)  Local  defense  zone 

Geographic  programming  of  the  automatic  jammer  h  possible  only  If  the 
approximate  geographical  ix)sitlons  of  these  zones  can  be  predicted  in 
advance.  Also  lmi>ortanl  from  a  programming  standpoint  is  the  fact  that  the 
Jamming  requirements  In  each  of  zones  b,  c,  and  d  may  differ  because  of  the 
raid  tactics,  which  affect  each  aircraft's  defense.  These  tactics  fall  into  one 
of  the  following  categories:  (a)  mutual  support — masa^rald  tactics;  (^)  self 
protection — single-aircraft  tactics. 

Sotnc  examples  of  geographic  programming  will  illustrate  the  flexibility 
that  it  lends  to  the  programmed  automatic  jamming  system  and  the  opera¬ 
tional  needs  that  It  fulfills.  It  !s  assumed  that  the  aircraft  or  unmanned 
vehicle  i.s  on  n  strategic  bombing  mission. 

The  mode  «if  operation  of  the  jammer  in  the  friendly  zone  a  would  prob¬ 
ably  be  the  standby  nuKic  or  at  most  the  rcceivc-only  mode.  Upon  reaching 
the  early  warning  zone,  the  geographic  programmer  would  enable  the  mode 
selector  to  select  only  the  modes  of  operation  that  arc  effective  against  early 
warning  radars  and  would  permit  jamming  to  be  Initiated  only  after  a  preset 
ge(»graphic  clunk  point  had  been  passoci.  (For  purposes  of  over-all  raid  co¬ 
ordination  or  synchronization,  a  preset  time  to  Initiate  jamming  might  be 
utilized  In  place  of  the  passing  of  a  preset  geographic  check  point.)  The 
type.s  of  jamming  u.sed  in  the  early  warning  pha.se  might  be  aimed  at  de¬ 
ceiving  tin*  victim  into  expecting  a  large  attacking  force  to  arrive  from  one 
angle,  whereas  in  reality  it  is  planning  to  attack  from  another.  This  tactic 
might  succeed  in  diverting  the  defending  activity  from  the  main  striking 
force.  Other  ntodes  of  jamming  u.seful  in  this  phase  might  be  those  which 
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prevent  the  enemy  from  correctly  iissessing  the  Btrength  of  the  striking  forcv. 
Noise  lamming — barrage  or  multispot — and  multiple  fnlse-targct  deception 
vt^ould  be  useful  modes  for  these  types  of  Jamming  operation.  In  the  case  of 
noise  Jamming  the  mutun!-sup{X)rt  concept  would  Involve  many  aircraft 
utilizing  noi.  e-jamming  modes  of  operation  simultaneously.  In  the  case  of 
multiple  false-target  deception  the  mutual  protection  for  many  aircraft 
could  |)robably  be  generated  iuttisfactorily  by  only  one  jammer  operating  in 
this  mode.  The  jammers  In  the  other  nearby  aircraft  could  remain  silent  at 
this  time  or  operate  in  noise-jumming  modes,  thereby  creating  a  combina¬ 
tion  of  multiple  fai.se-target  deception  and  noise  jamming  on  the  presenta¬ 
tions  of  the  enemy  early  warning  radars.  The  possibility  of  complete  jammer 
silence  during  the  early  warning  phase  should  not  be  overlooked  in  that  It 
may  be  advantageous  to  try  to  slip  through  a  weak  point  In  the  enemy  eaily 
warning  net  undetected.  1'he  u.se  of  any  jamming  by  aircraft  attempting  this 
tactic  would,  of  course,  defeat  the  purinr.se  of  the  maneuver. 

When  the  aircraft  reach  the  area-defcn.sc  zone,  Ihe  modes  of  jamming 
descril>ed  above  may  still  be  effective  in  preventing  ihr,  vectoring  of  enemy 
Interceptors  to  the  bomber's  |)osition  and  the  nssessnrsnt  of  raid  strength. 
In  addition,  It  may  be  desirable  to  program  the  mode  selector  nut  to  nrspond 
to  tracking  radar  signals  if  the  jamming  of  Acarch-type  radars  were  degraded 
by  this  action,  llie  decision  to  program  the  jammer  in  this  fashion  would 
have  to  be  made  taking  Into  account  at  least  two  factors;  (a)  whether  or 
not  the  jammer  was  providing  protrethm  for  other  aircraft  In  this  zone,  and 
(/>)  the  effectiveness  of  the  weapoti.s  in  the  area-delensc  zone  utilizing  track¬ 
ing-type  radars  erriwj  the  effect ivcncs.^  of  the  weapons  employing  the  search 
radars. 

On  the  other  hand,  in  the  local -defen.se  zone  the  programming  of  the  mode 
selector  may  be  such  as  to  favor  the  Jamming  of  tracking  radars  to  the  com¬ 
plete  exclusion  of  search- type  radars.  Modulated  noise.  Inverse  modulating 
re|H*aters,  and  phase-front  warping  types  of  jamming  might  be  most  effectively 
))rograinmed  In  this  zone. 

Physically,  the  geographic  programmer  may  consist  of  a  punched  tape  or 
punched-card-type  menuny  unit.  One  section  of  tape  or  group  of  cards  would 
be  punched  with  the  instructions  for  the  mode  .selector  applicable  to  a  par¬ 
ticular  geographic  /one.  Separiite  sections  of  tape  or  groups  of  curds  would 
contain  the  instructions  applicable  in  the  other  geographic  zones.  Pas.snge  of 
a  preset  geographic  check  point  designated  by  small  increments  of  latitude 
and  longittuie  surrounding  the  nominal  latitude  ami  longitude  of  the  check 
point  would  cause  the  appropriate  section  of  the  tape  or  groups  (»f  cards  to 
Instruct  the  mode  selector  in  the  modes  of  jamming  permissible  f(»r  that 
geographic-  zone,  'rhe.se  check  points  would  be  established  prior  to  the  mis- 
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siun  based  on  the  buttle  plan  of  the  particular  aircraft  and  would  be  read 
into  the  K^ographic  programniing  unit  on  a  prcHight  basis. 

A  further  use  of  geographic  programming  Is  to  mlnimlae  incompatible 
o|>eratl()n  between  the  Jammers  themselves  or  the  jammers  and  other  friendly 
electronic  equipment.  Several  aspects  of  the  compatibility  problem  are  dis- 
cus.sed  in  the  following  section. 

17*2.5  Interference  ond  Electronic  Compatibility 
Electronic  compatibility  problems  arise  whenever  equipments  that  receive 
and  transmit  are  used  in  proximity  to  eucli  other.  The  receive  and  transmit 
functions  do  not  necessarily  have  to  be  automatic  for  a  compatibility  prob¬ 
lem  to  exist.  The  problem  is  aggravated  when  all  the  equipments  in  ques¬ 
tion  receive  as  well  as  transmit.  The  problem  is  further  accentuated  when 
one  of  the  equipments  is  designed  to  Jam  many  of  the  equipments  of  the 
same  type  with  which  it  is  required  to  be  compatible. 

'rhe  compatibility  problem  Is  broken  down  Into  the  following  categories; 
(a)  Jamnjer  to  own  aircraft  equipment  (lr*ra-aircrafi) 

( 1 )  Other  J'lmming  equipment 

(2)  Other  electronic  equipment 

(/>)  Jammer  to  other  aircraft  equipment  (Inter-aircraft) 

( 1 )  Jamming  equipment 

(2)  Other  electronic  equipment 

Interference  between  the  electronic  equipment  listed  above  can  occur  in 
u  number  of  ways.  These  include  response  of  the  receivers  (funtiamentai  or 
spurious  response)  to  the  fundamental  or  spurious  response  of  the  transmit¬ 
ters,  and  restronses  of  the  receivers  to  the  modulation  prfxlucts  of  several 
transmitter  frequencies  generated  In  the  receiver’s  rf  stages  or  mixer. 

'i'hcrc  are  no  simple,  all-purpose  solutions  to  the  compatibility  problem. 
However,  attacks  on  the  problem  cun  be  !ua(ic  by  the  use  of  the  following 
tcchnl(|ues  separately  or  in  combination: 

((/)  Isolation  of  antennas  and  equipment  shielding. 

(/>)  Filtering  of  transmitter  outputs  and  receiver  inputs. 

(r)  Use  of  compiillbie  modes  of  c<iulpment  ojMjration. 

((/)  'rime  sharing  of  equipment  operation. 

'I'he  first  of  these  iiems  is  governed  strictly  by  the  installation  of  the 
equipment  In  the  intra-alrcrafi  case  and  by  the  s[)Hcing  of  the  aircraft  In  the 
inter-ail  craft  case,  'rhe  s(cond  technittue  may  be  effectively  used  if  the  in¬ 
sertion  losses  of  the  filters  permit  a(ceptal)lr  reductions  <'f  transmitter  out¬ 
put  power  or  receiver  sensitivity,  and  if  the  gaps  in  the  jammer  spectra 
(receive  or  transmit)  can  be  tolerated.  The  remaining  techniques  can  be 
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employed  through  the  proper  proj^rummlnn  of  the  sy»lem  to  Ic.wn  mnny 
compatibility  problems. 

It  is  obvious  that  answers  to  the  compatibility  problem  must  be  stated  In 
terms  of  the  actual  equipments  involved.  However,  a  few  examples  of  ap¬ 
proaches  are  given  which  may  indicate  a  means  to  the  solution  of  a  partic¬ 
ular  problem.  The  dl.scussion  is  confined  to  techniques  c  and  d  us  applied  to 
the  jammer-lo-olhef  electronic  compatibility  problems  since  these  involve 
the  programming  of  the  Jamming  system. 

Interestingly  enough  there  may  t>e  some  modes  of  Jammer  operation  which 
are  compatible  with  certain  electronic  equipment.  If  this  is  the  case,  the  mode 
selector  can  be  arranged  such  that,  whenever  a  particular  nonjnmmer  equip¬ 
ment  must  be  u.scd,  the  Jammer  is  programmed  into  a  compatible  mode  of 
operation.  One  example  of  this  type  of  c{)eratlon  involves  the  boniblng  and 
navigation  radar.  At  least  two  frequently  used  modes  of  Jammer  o|)eration 
are  likely  to  be  wholly  or  partially  compatible  with  this  radar.  These  arc 
pulsed  track-breaking  re[>catlng  deception  and  mutiple  fa]se>target  decep¬ 
tion.  These  modes  provide  countermeasures  effective  against  tracking  radars 
and  search  radars,  respectively,  llic  ret>eater,  such  as  that  described  in 
Chapter  15.  will  have  no  effect  upon  the  h?mbing  and  navigational  (yiH* 
radar  since  the  re|>euted  pulse  will  occur  during  the  radar  main  bang  (intra- 
aircraft  case)  or  in  coincidence  with  the  radar  echo  (inter-aircraft  ca.Hc).  'Ihe 
only  effect  of  the  radar  upon  the  repeater  may  be  degrad!»**">n  in  its  Inverse 
modulation  capabilities  If  the  repeater  is  capable  of  handling  only  a  few 
radar  signals  ut  a  time  and  a  degradation  in  Its  total  signal-handling  cap¬ 
ability  if  the  repeater  transmitter  is  duty-factor  limited.  These  latter  effects 
may  be  entirely  eliminated  in  the  Intra-aircraft  cose  by  sending  a  blanking 
pulse  to  the  ie|)c«tcr  that  Is  coincident  with  the  radar  main  bang.  This  is  a 
time-.nharing  technique  that  Is  discussed  to  a  greater  extent  below. 

1'he  effect  of  multiple  fal.'^c-target  deception  on  the  bombing  and  navigation 
radar  Is  to  put  u  pattern  of  blips  on  its  presentation  which  may  probably  be 
distinguished  from  land  targets  l)y  the  operator  of  the  radar.  This  situation 
may  be  .satisfactory  in  all  but  the  worst  cases  since  It  is  likely  that  the 
character  of  false  target  blips  Is  entirely  different  from  the  ground-return 
patterns  to  be  lnter|)reled  by  the  o|)erator.  This  Interference  could,  cf  course, 
be  rem(»v:*(l  in  the  intra-aircraft  case  by  blanking  the  radar  with  pulses 
coincident  with  the  false-target  dcciption  pulses  transmitted.  1’hc  effect  of 
the  rad  ir  upon  the  jammer  In  this  case  h  merely  to  use  some  cjf  Its  output 
pow-r  capai)l!lty.  If  this  is  intolerubir,  the  Jammer  may  be  blanked  In  the 
intra-aircraft  case  by  pulses  coincident  with  the  radar  main  bang. 

I'he  preceding  paragraphs  give  examples  of  (ompaliblc  modes  and  also 
imiieate  possible  ii.se  of  time  sharing  in  the  form  of  blanking  pulses.  Where 
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no  compatible  modes  exist,  time  sharing  can  alio  be  employed  to  effect 
compatibility  to  a  certnln  degree.  Consider  the  case  of  noise  Jamming  and  the 
o|)erutton  of  the  same  bombing  and  navigation  racier.  Normally  the  noise 
jammer  and  the  bombing  and  navigation  radar  would  nut  be  compatible  in 
the  intra-aircraft  case  (assuming  insufficient  isolation  and/or  HUerlng).  How¬ 
ever,  two  tyf>e.H  of  time  sharing  could  be  employed  to  achieve  cumpatibillty. 
l"he  Arst  means  would  be  to  use  the  bombing  and  navigation  radar  inter- 
n-iittently  for  short  Intervals  (perhaps  during  the  noise  Jammer  look-through 
periods)  and  to  transmit  noise  the  rest  of  the  time.  It  has  been  estimated 
that  operation  of  a  typical  bombing  and  navigation  radar  on  a  Vi(»  duty-fac¬ 
tor  basis  may  be  satisfactory  for  most  bombing  runs.  Thus,  this  ty[)e  of 
operation  may  not  excessively  degrade  either  the  Jammer  or  the  radar 
effectiveness. 

Another  time-sharing  technique  which  might  increase  the  Jamming  effec¬ 
tiveness  by  increasing  the  jamming  duty  factor  (above  the  '/to  duty  factor 
of  the  preceding  example)  is  to  employ  a  wide  range  gate  synchronized  with 
the  radar  to  blank  the  noise  transmission.  Thus  the  radar  could  “see”  without 
any  interference  over  u  narrow  range  increment  whose  range  |)osition  with 
respect  to  the  aircraft  could  be  readily  adjusted  by  the  radar  operator.  Of 
course,  this  technique  is  effective  only  in  the  Intra-aircraft  case. 

Time-sharing  compatibility  In  the  inter-aircraft  case  can  be  achieved  by 
transmitting  synchronizing  signals  on  an  inter-aircraft  communication  link, 
by  coding  the  basic  transmissions  by  geographic  programming,  or  by  time- 
synchronizing  the  programs  of  the  Jamming  systems.  The  latter  technicjuc 
would  employ  very  accurately  synchronized  clocks  in  each  aircraft. 

17.2.6  Self-Teit  I’rogravn 

An  (idditionul  feature  of  progratnmcd  automatic  systems  that  is  desirable 
if  the  weight,  volume,  and  primary  power  allocated  Is  sufAcient  is  a  means 
01  seif-checking  the  programmer.  Self-checking  techniques  should  *>c  used 
only  to  increase  the  reliability  of  the  Ja  liming  system.  Whether  or  not  they 
are  used  will  largely  depend  u|)on  the  complexity  of  the  programmer  and  the 
number  of  Jamming  modes  valla ble.  Two  major  types  of  self-checking  arc 
(I)  component-test  and  (2)  logic  equation  loop  inpi’t  and  output  check.  The 
first  involvc.H  periodically  programming  the  mode  selector  (or  the  other  com¬ 
ponents)  with  a  test  program  to  determine  If  all  the  components  are  func¬ 
tional.  The  second  Involves  a  continuous  check  on  the  programmed  Jammer 
to  determine  if  the  Jammer  is  actually  functioning  in  the  mode  programmed. 
If  it  is  not,  another  Jammer  mode  of  operation  is  automatically  Hclectcd. 


TMi  Chapter  if  CONFIDENTIAL 


18 

Confusion  Reflectors 

A.  T.  GOBLE 


18.1  Kittrodurtioii 

The  use  of  device?^  lo  produce  radar  echoes  other  than  those  of  the  profier 
radar  targets  was  proposed  $n  tht  early  days  of  the  development  of  radar, 
Some  of  the  early  history  and  some  of  the  general  principles  of  the  use  of 
such  confusion  rrHectors  have  already  been  mentioned  In  previous  chapters. 
Such  retlectlon  devices  naturally  And  a  wide  variety  of  applications  dlfhcult 
to  separate  out  Into  isolated  chapters.  Material  to  be  presented  in  this  chap¬ 
ter  will  be  an  cs.sfntiat  part  of  the  next  two  chapters;  material  to  be  given 
in  them  could  have  been  included  here  but  has  been  deferred  to  them. 

In  the  context  of  electronic  countermeasures,  the  function  of  any  reflecting 
device  basically  Is  to  introduce  echoes  which  divert  attention  from  the  proper 
targets  of  any  radar.  In  doing  this,  a  form  of  noise  Is  Introduced  Into  the 
radar  .system.  'I'hc  seriousness  or  effectivene.ss  of  this  noise  is  likely  to  depend 
upon  many  circumstances  and  is  usually  difficult  to  evaluate.  If  the  proper 
target  is  completely  Immersed  in  a  field  of  many  equivalent  false  targets,  so 
that  no  identification  is  possible,  the  effectiveness  is  complete.  This  is  seldom 
the  case  because  the  echoes  from  the  confusion  reflectors  arc  rarely  c({ulvulent 
to  those  from  the  proper  targets,  but  In  every  case  there  will  be  some  de¬ 
gradation  of  ihe  radar  system  by  the  mere  requirement  that  the  extra  echoes 
must  be  inspecteil  and  rejected.  Thv  effectiveness  of  the  countermeasure  Is 
clearly  greater  when  the  idenliriciitlon  of  the  proper  target  from  the  false 
targets  is  made  more  difficult.  Merc  quantity  of  confusion  reflectors  will 
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often  incrcR5e  this  dlfHculty.  Any  other  technique  which  improves  the  simula¬ 
tion  of  the  proper  target  increases  the  effectiveness  of  the  noise.  For  example, 
confusion  reflectors  are  likely  to  differ  from  most  proper  iirffets  In  their  lack 
of  motion.  If  equivalent  mobility  is  given  to  the  reflector,  it  increases  Its  ef¬ 
fectiveness.  ThI.s  is  one  way  In  which  a  “mere”  confusion  reflector  can  be 
turned  into  a  decoy.  Further  discussions  of  such  subtleties  ere  postponed  to 
Chapter  20. 

Customary  thinking  divides  the  uses  of  confusion  reflectors  into  (1)  screen¬ 
ing  against  trucking  radars  and  (2)  confusion  of  surveillance  systems.  Al¬ 
though  both  applications  have  elements  In  common,  they  are  relevant  to 
different  parts  of  the  defense  system.  Confusion  reflectors  cannot  provide  a 
screen  that  hides  a  target  beyond  It.  They  nuy  hide  a  target  immersed  In  a 
cloud  of  them  and  they  may  degrade  the  surveillance  system  by  the  clutter 
they  produce. 

Nearly  all  applications  of  confusion  reflectors  are  such  that  the  efficiency 
of  the  reflector  is  Improved  by  decreasing  the  packaged  sise  and  weight  for 
the  same  radar  scattering  cross  section.  Three  essentially  different  systems 
arc  used  to  obtain  large  cross  sections  for  small  size  and  weight.  These  are: 
(a)  Resonant  dipoles — Chaff 
(b^  Nonresonant  streamers — Ro|>e 
(c)  Corners  or  other  reflective  geometries — Angels 

The  rode  names  following  each  are  those  generally  used  for  the  airborne 
versions  The  more  general  term  used  during  World  War  11  was  window; 
but  the  term  c/iaff  has  now  nearly  replaced  this  in  the  language  of  the  United 
States  Armed  Forces.  Angels  have  found  little  application  because  of  the 
difficulty  in  building  units  that  are  sufflciently  rigid  for  dispensing  from 
rapidly  moving  aircraft.  They  have  application  In  decoys  and  target  modifl- 
cation  schemes, 

One  of  the  favorable  features  of  confusion  reflectors  Is  that  they  may  be 
designed  to  have  wideb«ind-frequcncy  characteristics.  For  example,  a  single 
package  capable  of  imitating  standard  aircraft  over  a  range  of  frequencies 
from  50  to  10,000  megacycles  (and  probably  still  higher)  is  now  available. 
It  may  not  l>e  the  mo.st  economical  package  to  use,  but  it  illustrates  the  |)oa- 
sll)illtirs  of  wide  frequency  coverage, 

Another  feature  is  their  essential  simplicity.  In  fact,  the  most  difficult 
problem  In  their  use  by  aircraft  is  providing  a  suitable  dispensing  system 
along  with  the  penalties  imposetl  l>ecausc  of  the  additional  weight  to  be  car¬ 
ried.  Although  a  solution  has  l)een  found  for  most  aircraft,  a  few  aircraft 
systems  seem  to  be  quite  dift'icuU  to  adapt  to  suitable  chaff  di.spenslng.  They 
may  not  have  any  space  available,  or  the  location  of  the  .space  may  nut  favor 
chaff  dispensing.  It  usually  seems  to  be  desirable  to  dis|)cnse  Into  a  region 
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of  high  turbulf*ncc  reasonably  forward.  A  compartively  simple  and  reliable 
mrthanUm  Is  now  available,  and  standard  approved  installations  have  been 
developed  for  most  aircraft.  Little  servicing  is  required.  The  actual  labor  of 
loading  the  (il.Hpensrrs  Is  not  inconsidciuble,  but  still  reasonable. 

Although  the  use  of  chaff  has  dcHnite  limitations  and  although  n  great  deal 
of  effort  has  been  put  into  chaff  countercountermeasures,  it  seems  likely  that 
as  long  os  pulsed  radar  systems  play  a  significant  rule  In  general  defense 
systems  chaff  will  continue  to  be  very  useful. 

18.2  Theory  of  Respoiise  of  Gonfualon  Refleelora 

The  return  to  a  radar  that  results  from  the  scattering  of  a  radar  signal  by 
a  target  is  most  easily  indicated  by  giving  its  back-scattering  cross  section  (r, 
defined  by 


IT  —  4fr  reflected  back  per  steradian  _  (18  P 

^  ^  Fower  incident  upon  theTarget  per  unit  area  '  ' 

The  power  |)cr  unit  area  incident  upon  the  target  Is  proportional  to  the  radar 
power,  and  the  gain  of  the  radar  antenna  and  is  inversely  proportional  to  the 
square  of  the  range.  The  res|>onsc  of  the  radar  receiver  will  be  proportional 
to  the  power  reflected  back  per  steradian  to  the  antenna  gain  and  receiver 
sensitivity  and  will  also  be  Inversely  pro|>ortlonal  to  the  square  of  the  range. 
It  will  be  seen  that  tr  depends  only  upon  the  characteristic.^  of  the  target. 
Another  way  of  describing  tr  is  that  it  is  an  area  such  that,  if  all  the  energy 
falling  on  that  area  were  reradiated  isotropically,  then  the  Intensity  of  the 
scattered  radiation  would  be  the  same  as  that  from  the  target. 

The  calculation.*!  of  the  back-scattering  cross  section  for  di|K)]es  and  non- 
resonant  streamers  are  somewhat  similar  and  will  be  considered  before  the 
calculation  for  the  reflective  devices  such  as  corners,  AH  theoretical  work  In 
this  field  has  been  aimed  ut  finding  the  lH*st  approximation  to  the  solution 
of  Maxwell’s  field  equation.*  for  the  .situation  appropriate  to  chaff  or  rope. 
The  Incident  electric  field  is  taken  to  be  known.  Then  at  attempt  is  made  to 
determine  what  currents  in  the  conductor  (»f  the  .scattering  elcment.s  arc 
produced  by  Ihi.s  field.  Once  these  currents  are  known,  the  field  back  at  the 
antenna  cun  be  calculated.  The  real  problem  is  to  calculate  the  currents  In 
the  conductor  since  the  reradiated  firltl  must  be  considered  as  much  a  part 
of  the  field  as  the  Incident  part. 

18.2.1  Chair 

For  the  case  of  chaff,  several  iheorie.s  have  been  advanced  by  American 
authors.  Undoubtedly  other  work  has  been  done,  but  the  author  doe.s  not 
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have  access  to  any  other  calculations.  In  nil  of  these,  the  scattering  chaff  h 
considered  to  consist  of  a  cloud  of  wiredike  diiKiles,  all  of  the  same  length. 
The  following  ad<lit!onal  assumptions  arc  also  made: 

(a)  The  dipoles  are  separated  so  far  that  they  do  not  Interact, 

(b)  The  dipoles  are  placed  in  a  somewhat  random  spacing  ho  that  the 
phases  from  each  dipole  arc  random. 

(c)  The  orientation  of  the  dipoles  Is  si>eciried  (usually  random). 

(d)  The  wires  are  perfect  conductors. 

The  first  calculation  of  this  sort  was  made  by  Chu  (Reference  1).  He  as¬ 
sumed  that  the  current  was  distributed  along  the  wire  in  a  sinusoidal  way. 
This  implies  that  resonance  occurs  when  the  length  is  an  integral  number  of 
half-wavelengths.  His  results  gave  the  value  <r/A^  =  0.15  for  a  half-wave 
dipole.  This  value  is  independent  of  the  ratio  L/a^  where  L  Is  the  length  and 
a  h  the  ratlius  of  the  dipole.  The  dimensionless  quantity  tr/\^  Is  the  con¬ 
venient  one  to  use  along  with  another  dimensionless  quantity,  /-/A,  which  is 
the  principal  Independent  variable. 

A  more  realistic  approximation  is  the  one  used  by  Van  VIcck,  Hloch,  and 
Hummermesh  (Reference  2).  In  their  treatment,  the  tangential  component 
of  the  total  electric  n*ld  (Incident  plus  scattered  field)  for  a  single  dipole 
is  made  sero.  This  leads  to  an  Integral  equation  for  the  current  distribution 
which  is  then  solved  by  approximation  methods.  The  values  for  the  current 
distribution  so  calculated  can  then  be  used  to  determine  the  value  of  The 
results  are  <lf pendent  on  the  orientation  of  the  dipole  relative  to  the  polarlr.n- 
tlon  and  propagation  directions  of  the  incident  wave.  The  results  are  averaged 
for  all  orientations.  The  results  also  depend  upon  L/a.  The  numerical  rcsull.s 
have  been  obtained  for  a  wide  range  of  values  of  L/\^  and  of  L/a,  In  the 
cn.se  of  a  flat  strip  (more  upproprl.^tc  to  most  chaff),  one  should  replace  a  hy 
HV4,  where  \V  is  the  width  of  the  strip. 

Figure  18-1  is  a  plot  of  some  of  these  results.  The  full  set  of  results  is 
tiibulated  in  a  Standard  Roiling  Mills  reiwt  (Reference  3).  The  following 
points  should  be  noted: 

(a)  The  resonant  length  does  not  come  directly  at  A/2,  but  instead  at  a 
slightly  .shorter  length  that  varies  with  the  Icngth-io-width  ratio, 
L  W, 

(b)  Although  (f/A**  increase?!  with  IV  it  docs  .so  rather  slowly;  so  it  Ls 
more  cftlcienl  to  use  di)MdeH  as  narrow  as  possible,  provided  one 
does  not  gtt  to  such  extremes  that  the  resistance  iticrease.s  greatly. 

(c)  'rhe  Itatttiwidth  of  the  response  also  Increases  with  U'.  'Fhls  ircrea.se 
is  small;  so,  here  too,  !i  !.<«  better  to  use  dipoles  as  narrow  a.s  pos¬ 
sible  and  U)  olituin  Imreased  bandwidth  by  using  varying  lengths. 

Figu»-c  IH-I  does  m»i  imlinite  directly  the  behavior  of  chaff  for  a  given 
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Kroup  of  (lipo)c.«4  all  of  the  same  lenKth  as  the  frequency  is  changed,  I'his  is 
shown  In  Figure  18-2,  where  the  theoretical  echn  versus  frequency  for  ;i  unit 
of  dipoles  all  of  the  same  length  is  plotted,  It  will  be  noted  that  at  iiighcr 
harmonics  there  is  still  some  response.  There  are  even  important  contribu- 
tion.*<  in  the  nonrcsonnnt  portions  of  the  curve. 

Recently,  a  new  method  for  computing  scattering  cross  sections  was  de¬ 
veloped  by  Schwinger  and  Levine  (Reference  4).  This  variational  method 
has  been  u.scd  for  a  number  of  special  cases  (Reference  5,  6,  7,  8,  and  9),  but 
there  is  no  Indication  that  it  will  lead  to  any  significant  differences  from  the 
Van  VIeck  theory  presented  here. 

18.2.2  Hope 

The  scattering  cross  section  of  nonresonant  streamers,  rope,  depends  very 
much  upon  the  shape  of  the  streamer  us  well  as  upon  the  wavelength  of  the 
radar,  ‘i'hc  actual  conAguralion  of  u  dispensed  streamer  cannot  be  predicted. 
The  only  theory  published  so  far  (Reference  10)  assumes  that  the  full 
streamer  can  be  considered  to  consist  of  parts  each  of  which  is  a  helix  with 
a  large  radius  compared  to  a  wavelength.  The  cross  section  according  to  this 
theory  is 


(f 


KLk/2 


(i8-2) 


Here  K  depends  upon  the  form  of  the  streamer  cottHguratlon,  o  is  the  equiva¬ 
lent  rudims  of  the  streamer  (a  =  H^/4),  X  U  the  wavelength,  and  y  =  1.781. 

n  nf  crOSS 

section  for  three  750-foot  rolls  of  -inch  ro|)e. 
Inhere  may  also  be  a  small  effect  when  W  =  A/2. 

Long  dipoles  are  dlfHcult  to  store  and  to 
disperse.  Except  at  low  frequencies,  rope  is 
somewhat  inefficient.  To  bridge  the  gap,  it  has 
been  proposed  to  consider  tied  dipoles,  a  co- 
lincar  array,  called  tuned  rope.  If  the  array 
is  truly  col  (near  so  that  coherent  scattering 
occurs,  the  gain  in  cross  .section  that  is  ob- 
Fuh  mk  im  j.  Rope  rtupoim’ viT'  jp^  ^  narrow  region  perpendicular  to  the 

ms  trt'(|ui*nry,  length  leads  to  a  loss  in  cither  directions.  The 

usefulness  of  this  scheme  thus  depends  on  the  array  not  being  collnear. 
I’he  interaction  between  neighboring  dipoles  also  tends  to  decrease  the 
echo,  This  effect  decreases  the  efficiency  to  such  an  extent  that  it  is  not 
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profitable  to  use  tuned  rope  for  a  single  frequency  since  so  much  weight 
is  required  to  separate  the  dipoles.  However,  if  a  broadband  unit  consisting 
of  dipoles  of  various  lengths  Is  being  considered,  it  is  possible  to  separate 
dipoles  tuned  to  the  same  frequency  by  using  dipoles  of  other  lengths. 
Only  a  small  amount  of  the  “Ineri''  material  need  be  used.  This  brings  the 
efficiency  to  a  point  where  tuned  rope  may  become  of  use  in  the  low 
Intermediate  range  from  about  100  to  600  megacycles  (Reference  11). 

18.2.3  Corneri 

The  reflective  properties  of  corners  and  similar  devices  turn  out  to  have 
little  application  in  most  ordinary  situations  calling  for  confusion  reflectors. 
The  reason  for  this  is  that  the  tolerances  permitted  in  the  construction  of 
such  devices  are  so  small  that  light,  dispen.sable  units  cannot  be  made.  If  the 
reflective  properties  are  to  be  Important,  the  linear  dimensions  need  to  be 
many  wavelengths  long.  Under  such  circumstances,  diffraction  effects  are 
small  compared  to  the  geometrical  effects.  It  can  be  shown*^  that  the  value  of 
the  cross  section  should  be 


tj  =  4ir(/j/A)** 


(18-3) 


The  effective  area  A  in  this  equation  can  be  found  by  considering  the  Inci¬ 
dent  wavefront,  projecting  the  corner  on  the  wavefront,  projecting  the  Image 
ui  the  corner  In  Itself  on  the  wavefront,  and  taking  the  overlapping  urea.  If 
the  Intersection  angles  of  the  faces  of  the  corner  differ  from  90*  by  an  angle 
of  a  radians,  the  cross  section  will  be  (town  3  decibels  if  a  =  0.35A/A,  where 
Jf  !s  the-  length  -ol-one  of  the  corner.  Because  of  these  rather  stringent 

recjulrcments  no  really  ^^actory  dispensable  corner  has  been  designed. 

For  this  reason  the  theory  wih  not  be  presented  in  any  greater  detail.  Other 
reflective  devices  present  similar  difflcuUlc.i  for  use  from  aircraft. 

18.3  El«etrleal  CharNetrristlee 

The  previous  section  has  summarised  the  theoretical  approach  to  the  de¬ 
termination  of  some  of  the  electrical  characteristics  of  chaff.  All  of  these 
theories  apply  to  idcalhed  cases  only;  the  actual  situation  may  be  much 
mure  complicated.  From  the  stand|K)int  of  the  chaff  package  designer,  there 
l.s  little  need  to  look  at  the  electrical  characteristics  in  detail.  The  user  need 
only  proceed  under  the  assiim[)tlon  that  each  package  will  provide  an  ado- 
quatc  echo  with  any  polarization  in  the  frequency  region  that  is  appropriate. 

=^The  essence  of  the  proof  la  the  assumption  th.st  all  eneruy  falling  on  the  area  A  Is 
reradiat^'d  toward  the  radar  as  If  hy  an  antenna  which  has  a  gain  appropriate  to  one 
with  an  aperture  A,  Also  see  Reference  W. 


/ 
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He  .should  also  know  whaf  lo  expert  wilh  regard  to  its  mpchanlcal  behavior 
(to  be  (jiscossed  In  the  next  section).  F  -  the  design  of  efficient  chaff  dipoles, 
the  details  of  the  electrical  and  mechanical  behavior  are  the  Important  fuc- 
fo-s. 


IB.3.1  Respoiisr  versus  Frequrnry 

At  this  lime,  there  is  no  belter  theory  avallablr  than  the  Van  Vleck-Bloch- 
Hammermesh  theory  (generally  called  the  Van  VIcck  theory)  for  dipoles  and 
the  liloch-Hammermesh-I’hilips  theory  for  rope;  all  designs  have  been  based 
on  these  theories.  There  are  scnr.c  Indications  that  the  theories  underestimate 
the  response  of  chaff,  es|)cclally  in  the  non  resonant  regions.  There  have  been 
no  definitive  experiments,  although  particular  chaff  orientations  have  been 
studied  on  back-scattering  range.s;  some  laboratory  work  with  small  clouds 
of  dipoles  falling  in  n  vertical  shaft  has  also  been  conducted.  Until  better 
information  is  avallabl!:,  the  predictions  (»f  the  Van  Vlc-k  theory  are  likely 
to  i)e  used  for  design  purposes.  It  has  been  customary  to  |)erform  field  tests 
in  which  echoes  from  test  units  are  compared  with  echoes  from  units  of 
familiar  de.sign  as  well  as  with  echoes  from  aircraft.  Any  effects  (such  ns 
birdsnesting)  that  arise  from  the  dispensing  process  are  thu.s  included,  and 
a  rea.sonably  significant  verification  of  the  proper  behavior  of  the  unit  Is 
made  for  several  frequencies  lying  in  the  nominal  range  of  the  material.  Long 
experience  with  .such  field  tests  has  led  to  a  rather  high  degree  of  confidence 
in  the  performance  of  regular  units  and  In  the  designer's  ability  to  predict 
the  behavior  more  or  less  conventional  units.  As  newer  materials  come 
along,  more  exten.sive  field  tests  are  called  for  to  establish  the  behavior  of 
these  ituilerlals, 

I'he  princip.i!  problem  of  the  chjtff  package  designer  then  is  placing  th; 
proper  tuitober  of  dipoles  of  the  right  lengths  in  each  bundle.  It  has  been 
customary  to  tty  to  design  for  approximately  uniform  response  throughout 
the  nominal  bandwidth  of  the  liundle.  Hds  can  be  done  In  a  number  of  ways, 
such  as  by  using  a  number  of  groups  of  dipoles,  each  of  u  different  and  ap¬ 
propriate  length  and  numl:er.  or  by  cutting  the  lengths  so  that  there  is  an 
almost  continuous  variation  in  length,  a  ‘^diagonal  cut."  In  practice,  the  first 
is  most  commonly  used  since  it  is  easier  to  manufacture.  The  second  Is  used 
in  a  few  special  cases.  It  is  not  convenient  to  design  a  unit  so  that  the  cross 
section  is  really  uniform  with  fretpiency.  This  is  n«)t  important  since  aircraft 
show  a  large  variation  in  cross  seetloi?  and  since  most  radars  arc  not  very 
sensitive  (o  minor  amplitude  variations.  It  is  customary  to  be  content  wilh  a 
variation  «»f  about  ♦  decibels  in  pi)wer  level  from  the  nominal  value.  Figure 
IH-4  shows  the  behavit>r  t)f  a  typical  example,  'Fhis  figure  has  been  based 
upon  the  \’an  \’!eck  theory  and  is  thus  subject  to  whatever  limitations  exist 
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Fioukr  1A*4.  HcsponM  of  typical  nlthouuh  Iklltoux  unit. 


In  this  theory.  Ah  han  been  pointed  out  before,  there  are  .some  reasoiiH  to 
believe  that  the  nonrenonant  renponne  Is  underestlniutcd  by  the  theory;  »(» 
the  irrcKularities  may  actually  not  be  so  Kreat  and  the  respemse  at  the  higher 
frequencies  may  also  be  underestimated. 

As  lonK  as  the  indivltlual  dipoles  are  .Separated  by  .several  witvelengths 
and  are  located  at  random  so  that  the  ccIkhs  from  individual  dipoles  are 
noncoherent,  one  may  safely  consider  the  cross  section  at  a  nlven  frccpuency 
proportional  to  the  number  (tf  dipoles.  If  the  density  of  dipoles  becomes  such 
that  they  are  closer  together  tlian  this,  the  interaction  between  near  nelKh- 
bors  makes  the  ti.sual  theory  inapplicable.  In  most  cases,  the  effect  of  inter¬ 
actions  tentis  to  decrease  the  value  of  »  from  that  pretllcled  by  the  theory 
that  neglects  Inteniclions.  Since  the  number  of  dipoles  ncedeil  to  prtKluce 
a  given  cross  section  i.s  roughiv  [)roportional  to  the  stiuare  of  the  frecpiency 
and  the  neces.sary  spacing  for  negligible  interaction  Is  Inver.sely  proportional 
to  the  frequency,  it  can  be  seen  that  the  volume  of  tbr  cloud  required  to  have 
negligible  interaction  is  inversely  proportional  to  the  frettuenry.  'Fhu.s  the 
linear  dimensions  are  inversely  propt»rtionul  to  the  cube  r(K»l  of  the  fre¬ 
quency.  The  problem  (d  loo  high  a  dipole  density,  thus,  Is  more  likely  to  arise 
at  low  frequencies.  For  example,  at  X-band,  a  volume  of  about  2400  culdc 
feel  Is  recjuired  for  a  cross  section  of  600  .stjuare  feet;  at  .^00  megacycles,  a 
volume  of  72,000  cubic  feet.  I’he  first  is  a  sphere  with  a  radius  of  8  feet;  the 
second  needs  a  radius  of  27  feet. 

IB.3,2  INilMrlaulloii 

1'he  Van  Vleck  theory  Is  ordinarily  used  with  the  assiimpti<m  that  'hr 
dipoles  are  randomly  oriented  in  space.  If  this  were  in  fact  the  case,  the 
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polarization  of  the  radar  would  have  no  effect  on  the  size  of  the  echo  from 
a  chaff  cloud.  Hut  the  aerodynamics  of  freely  falling  strips  (with  or  without 
a  V-bend,  panillej  to  the  length)  does  not  lead  to  such  a  r^^ndom  orientation 
in  many  cases.  The  natural  way  for  n  dipole  to  fall  is  in  a  roughly  horizontal 
position.  I'he  elevation  angle  of  the  radar  also  affects  the  size  of  the  observed 
echo  through  polarization  effects.  For  an  elevation  of  90*  (sighting  directly 
overhead),  no  difference  would  be  ol)servcd  for  horizontal  dipoles  except 
that  there  would  be  a  larger  than  expected  echo  since  there  are  fewer  vertical 
ones.  At  low  elevations,  the  ffsponsc  with  horizontal  polarization  will  be 
much  greater  than  for  a  radar  with  vertical  polarization.  Naturally,  there 
a  gradual  transition  between  the  two  extremes. 

Attempts  to  make  the  orientation  more  nearly  random  have  consisted  in 
weighting  the  end  of  some  or  all  of  the  dipoles.  There  .seems  to  be  no  known 
theory  for  the  situation;  so  what  is  known  is  the  result  of  experiment.  It  Is 
likely  that  very  careful  loading  of  the  ends  could  lead  to  the  equivalent  of 
random  orientation,  but  It  may  be  easier  to  load  some  for  n  definite  orienta¬ 
tion,  leaving  all  the  rest  unloaded  to  fall  in  a  horizontal  p(2sition.  Unfor¬ 
tunately  the  more  vertically  oriented  dipoles  seem  to  fall  faster  than 
horizontal  ones;  so  there  is  a  tendency  for  a  separation  into  two  clouds  fall¬ 
ing  at  different  rates. 

Two  other  factors  of  importance  are  the  turbulence  of  the  air  and  the 
distortion  of  the  dipoles.  Both  turbulence  and  distortion  lend  to  produce  a 
random  polarization.  The  first  is  likely  to  lead  to  rather  uniform  polariza¬ 
tion  S(H)n  after  dispensing.  The  second  probably  accounts  for  an  apparent 
I.HotropIc  tH’lmvior  of  the  longer  lengths  (approximately  over  4  inches). 

Rn|>e  !.s  also  jKilarization  sen.sitivc,  and  Its  behavior  Is  clearly  dr|iendent 
upon  the  shape  of  the  streamer  ns  well  as  the  polarization  and  elevation  of 
the  radar.  Most  ordinary  ilrcumstanccs  lca<l  to  good  ech'ies  lor  cither  polar¬ 
ization  of  the  radar. 

1 8.3.3  Noise  Spectrum 

1‘he  eclui  from  a  cloud  of  chaff  i.s  the  resultant  of  the  return  from  a  large 
number  of  individual  dipoles.  S'nce  the  phases  of  these  individual  amplitudes 
are  random  and  constantly  changing,  the  echo  shows  a  marked  tluctuatlon. 
It  is  generally  assumed  that  the  lluctuations  follow  a  Rayleigh  distribution. 
1‘hls  means  that  the  fraction  of  the  time  that  the  power  lic.s  between  /*  nn'l 
r  f  c//Ms 


/(/»)  (fr  -  (I.  /'„)  exp  (-  r/Pu)  (IP  (IH-4) 

*!’he  rapidity  of  variations  is  not  indicated  by  this  law;  so  It  must  be  eon- 
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«ldered  separately.  It  is  possible  that  its  spectrum  miKht  be  used  fu^'  discrim¬ 
ination.  The  fluctuation  rate  is  determined  principally  by  two  processes.  The 
flrst  of  these  has  to  do  with  the  rate  nt  which  the  chaff  cloud  spreads  later¬ 
ally  U.S  a  result  of  turbulence  and  irrcKularitics  of  Its  fall.  The  other  has  to 
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do  with  the  rate  of  rotation  of  individual  dipoles  while  fullinK,  since  this 
chnnxes  the  amplitude  from  each  individual  dipole.  The  first  changes  the 
phase  of  each  Individual  amplitude  and  the  second  the  magnitude  of  each 
amplitude.  As  one  would  exoect,  the  fluctuations  arc  irregular;  so  the  Fourier 
analysis  will  give  a  very  broad  spectrum.  Figure  18-5  shows  such  a  spectrum 
based  upon  measurements  made  at  the  Kadlatlon  Laboratory  during  World 
War  II  (Reference  M).  It  will  be  noticed  that  the  actual  spectrum  Is  (pibe 
dependent  upon  the  circumstances.  Curve  /I  refers  to  chaff  dropped  In  still 
air  from  a  blimp,  ('urves  /f,  C,  and  !)  refer  to  Increasingly  turbulent  condi¬ 
tions,  with  !)  for  gusty  air  having  velocities  varying  up  to  25  m|)h.  The 
ma.\lnium  iK*curs  at  a  frequency  of  zero,  of  course,  and  falls  off  in  gene  rally 
the  .same  way.  For  a  given  set  of  conditions,  one  would  expect  corres|)ondlng 
signal  densities  at  frequencies  pmportional  to  the  radio  frecpiency  of  the 
radar.  Jt  should  then  be  possllite  to  normalize  such  a  curve  for  all  radio 
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fre(|U(’ncIrs.  Figure  18-6  .shown  I  ho  normal  Izat  ion  of  curve  A  from  Figure 
18-5.  If  /o  i.s  the  frequency  for  which  F(/o)/7'’(0)  —  It  can  be  seen  that 

f„  —  or  /oA  =  80  cm  cpn 

mere  /,/  I.s  the  radar ’.s  radio  fretjuoncy  in  megacycles,  Under  many  conditlonsi 
/iH  will  be  .somewhat  higher,  as  .shown  by  curves  /U  C\  and  I)  in  Figure  18-5. 
The.se  data  are  also  confirmed  by  experiments  ))erlormed  by  the  Radio  Re¬ 
search  Laboratory  during  World  War  II.  These  nu'iisurements  were  made  at 
515  megacycles  (Reference  14).  Since  the  lluctuations  arc  due  to  the  lateral 
motion  of  the  dipoles  to  quite  an  extent,  one  should  expect  the  velocity  of  this 
lateral  motion  to  be  related  to  the  lluctuatlon  fre(|uencies.  It  can  be  .shown 
(Reference  L^)  that,  if  half  the  relative  velocities  lie  between  —v  and  j  r, 
then 

t;r=:0.2A/n  (18-6) 

1'he  value  of  16  centiitielirs  per  secoiui  ~  feet  per  second  Is  smaller  than 
is  u.suully  observed,  but  It  was  obtaim»«l  for  very  still  air  and  should  not  be 
considered  typical.  The  figure  at  least  has  the  right  order  of  magnitude. 

Another  way  of  looking  ut  the  same  matter  Is  to  note  that  the  return  at 
any  instant  will  be  correlated  to  some  extent  with  the  return  at  a  previous 
time.  When  r  is  small,  the  correlation  Is  very  g(M)d;  when  t  Is  large,  the  cor¬ 
relation  is  poor.  'The  correlation  will  fall  off  rapidly  about  where  ro  =3  I  /o. 

'I‘he  echoes  from  aircraft  .show  a  .similar  lluctuatlon,  Imt  they  differ  in 
.several  respects.  'I'he  lluct nations  arc  cau.sed  by  the  changing  aircraft  aspect 
with  respect  to  the  radar.  The  change  in  aspect  is  due  to  the  aircraft's  Irans- 
bitionai  motion  and  to  pitch  and  yaw.  In  addition,  vibrations  of  the  structure 
contribute  to  the  tluctuiitlons.  1*he  latter  effect  Is  much  smaller  b^r  Jet  air¬ 
craft  than  for  pn)j>elicr-drlven  aircraft.  Well  known  strong  components  exist 
in  the  ni>ise  spectrum  of  such  signals  at  fre(|uencleH  which  arc  multiples  of 
the  prtipeller  frequency.  'Phis  is  called  propeller  modulation,  and  Is  partly 
dot  to  tlie  effect  of  (he  rotation  oi  the  propeller  blades  and  partly  to  the 
vibrations  from  the  motors.  'I'he  combined  result  is  that  the  spectrum  of  an 
nil  era  ft  echo  is  nearly  a  Rayleigh  .s|>ec(riim  with  /o  somewhat  smaller  than 
for  chaff  (fii  scMuewhat  longer),  with  certain  vibration  peak.s  .superimposed. 
.Any  of  these  features  may  help  t(»  distingul.sh  an  aircraft  from  chaff,  but  tills 
may  be  (juite  difficult  to  accomplish  if  the  echo  from  the  aircraft  is  immersed 
In  the  echo  from  many  himdles  of  clwtff  in  trail  along  the  radar  beam.  It  Is 
this  diffu  ulty  tiial  may  protect  an  aim  aft  from  a  tracking  radar. 
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1R.4  (]hfiriicl«rlaeicf 

The  mechanical  characteristics  of  chaff  have  been  quite  difficult  tc  deter¬ 
mine,  This  is  particularly  true  of  the  details  of  the  behavior  of  Individual 
dipoles;  it  also  applies  to  some  extent  to  the  general  motion  of  chuff  clouds. 
Part  of  the  difficulty  is  that  the  behavior  is  dc|)endcni  to  a  considerable  ex¬ 
tent  upon  the  state  of  the  air  in  which  the  chaff  is  filling.  For  example,  very 
turbulent  air  leads  to  more  uniform  polarization  than  quiet  air;  and  measure¬ 
ments  of  the  rate  of  fall  arc  often  confused  by  vertical  air  currents  (it  is  not 
uncommon  to  find  chaff  clouds  rising  rather  than  falling). 

At  the  present  lime,  one  can  expect  to  provide  a  cross  section  of  SOC 
square  feet  at  one  frequency  for  about  0.1  pound  and  2  to  3  cubic  Inches.  To 
cover  3  octaves  requires  about  0.3  pound  and  9  cubic  inches.  These  figures  do 
not  scale  very  well,  but  they  give  a  rough  idea  of  the  volumes  and  weights 
required.  There  has  been  steady  progress  on  this  |>oint,  and  one  may  ex|>ect 
even  higher  efficiencies  in  the  future. 

The  mte  at  which  a  unit  disperses  into  a  cloud  Is  particularly  dependent 
upon  the  way  the  chaff  is  dispensed.  In  many  cases  it  spreads  almost  instantly 
to  a  size  sufficient  to  produce  a  full  echo.  Under  other  circumstances  It  may 
require  up  to  several  .seconds  for  full  development  of  the  echo.  Rope  must 
unroll  to  give  a  full  echo,  so  it  requires  a  noticeable  time.  l>is|)enslng  Into  a 
highly  turbulent  region  contributes  to  the  quick  development  of  the  echo. 
After  the  initial  dispensing  operation,  a  free  cloud  of  chaff  tends  to  spread 
at  a  rate  of  about  2  feet  per  second.  If  the  chaff  Is  in  a  region  in  which  there 
arc  velocity  shears,  the  spread  may  be  quite  rapid. 

Laboratory  studies  (References  15,  16,  and  17)  and  field  tests  show  a 
wide  variation  for  the  rate  of  fall  of  chaff.  Values  tus  low  ns  120  ±  50  feet 
per  minute  t^  as  high  as  500  :t  200  feet  per  minute  have  been  observed  at 
low  altitudes,  it  seenw  clear  that  the  higher  velocities  arc  as.sociatcd  with 
vertically  |»;lari/ed  dipoles  and  the  shjwer  vehKrilles  with  horizontal  dipoles. 
This  makes  the  cloud.s  tend  to  separate  into  a  horizontally  polarized  ^*loud 
above  a  nuirc  rapidly  falling  vertically  polarized  cloud.  Perhaps  a  figure  of 
200  to  300  feet  jier  mlinite  is  a  good  value  to  use  fur  an  average  figure  at  low 
altitudes.  Since  the  viscous  drag  on  an  object  is  given  by 

F,  =  (18-7) 

and  the  terminal  velocity  corresponds  to 

F,i  =  weight  (18-8) 

one  cun  see  that  the  rate  of  fall  should  vary  Inversely  a.s  the  scjuarc  root  of 
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iho  rIcnHily  of  the  air.  Thus  at  40,000  feet,  where  the  density  Is  roughly  one- 
fourth  that  n  sea  level,  the  rate  of  fal!  should  be  twice  as  great.  Presumably, 
the  lateral  spreading  rate  will  also  increase  with  altitude. 

The  over-all  history  of  a  typical  unit  of  chaff  can  be  summarized  ns  fol¬ 
lows: 

(a)  Ut)on  being  dispensed,  the  package  opens  almost  Immediately  and  a 
chaff  cloud  develops.  I'he  shape  Is  very  dependent  upon  the  exact  dispensing 
conditions.  It  may  have  a  diameter  of  about  10  feet  and  a  length  of  about 
50  feet,  'rhe  eclu)  at  5-band  and  hlghfi*  frequencies  Is  nearly  fuU  size  almost 
immediately;  the  echo  seems  to  grow  around  that  of  the  aircraft  and  separates 
from  it  as  the  chaff  is  left  behind,  At  A-bund  and  lower  frequencies,  especially 
where  rope  is  Involved,  it  may  require  several  seconds  for  the  full  echo  to 
develop. 

(b)  The  echo  then  continues  to  grow  slightly  as  the  chaff  cloud  spreads 
out.  The  cloud  may  then  gradually  tend  to  separate  Into  the  two  clouds 
mentioned  before,  with  the  horizontally  polarized  chaff  abov?  the  vertically 
polarized  material.  No  very  serious  change  will  take  place  for  An  interval  of 
about  5  ti>  10  minutes.  The  cloud  is  still  smaller  than  most  radar  pulse  pack¬ 
ets. 

(c)  As  time  goes  on,  the  cloud  may  spread  in  size  to  several,  and  pos¬ 
sibly  many,  pulse  packets.  Thus,  its  echo  is  diluted  and  spread.  A  vertical 
separation  between  the  two  polarization  directions  will  be  signiAcant  and  in¬ 
dicate  that  the  whole  cloud  will  have  fallen  through  several  thou.sand  feet. 

(d)  After  half  an  hour,  the  effects  of  falling  and  spreading  are  likely  to  be 
so  severe  and  so  uncertain  that  one  cannot  dei>end  on  the  chaff  at  all.  How¬ 
ever,  there  have  been  many  cases  in  which  effective  clouds  of  chaff  have  per¬ 
sisted  much  longer. 

18.5  Miiterlttla  tttiii  Metlioda  of  Man u fur tu ring  and  Diipeiuing 

18.5.1  Standard  Maiedals 

The  standard  muteiial  for  the  production  of  chaff  is  aluminum  foil  with  a 
thickness  of  about  0.00045  Inch.  It  is  cut  into  strips  of  various  widths  such 
as  0.056  inch,  0.016  inch,  and  0.008  inch.  Kven  narrower  cuts  have  been 
made,  but  they  have  not  been  included  in  any  standard  packages  yet. 
Ordinarily,  one  iiiih>le  is  given  a  v-bend  to  increase  its  rigidity,  This  is  done 
l)y  the  cutter.  'I  he  cutting  machine  is  built  very  much  like  the-  cutting  portion 
of  a  lawn  mower.  It  has  a  rotating  cylinder  with  knives  that  cut  the  foil 
against  a  Axed  blade.  The  width  of  each  cut  is  determined  by  the  feed  rale 
of  the  foil  inti>  the  cutting  head.  The  v-l)end  Is  produced  by  having  every 
other  blade  on  the  cylinder  so  dull  that  it  simply  bends  the  foil  over  without 
cutting  It.  Several  layers  of  foil  can  be  cut  at  the  .same  time.  The  width  of 
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the  web  of  foil  determines  the  oHglne'  length  of  the  strips,  but  the  ftnnl 
len;;ths  arc  determined  by  forming  the  correct  num'orr  of  them  Into  a  bundle 
und  then  cutting  them  In  a  guillotine  cutter.  Difficulties  would  nrlsr  in 
welding  the  foil  on  such  cuts  of  multilayers  of  foil  or  in  the  guillotine  cutting 
pn»cr.Hs  if  it  were  not  for  the  fact  that  the  foil  Is  coated  on  one  side  with  a 
thin  film  of  waxes  called  *‘slip  coating.'  This  also  seems  to  lubricate  the 
knives.  Where  weighted  dipoles  arc  wanted,  additional  strips  of  a  lacquer 
loaded  with  lead  powder  arc  printed  on  the  foil.  This  Is  called  '*strip  coating,'' 
When  the  foil  It  cut  to  length,  the  lead  provides  the  additional  weight  to  turn 
the  dipoles.  Ordinarily  the  strip  coating  Is  put  on  only  one  side. 

1'he  various  bundles  of  <lip«)lrs  arc  kept  In  paper  wrappers  after  they  have 
been  cut  to  length.  They  are  then  assembled  In  a  cardboard  sleeve,  using  the 
proper  proportions  of  various  lengths.  The  sleeve  is  designed  to  be  held  clo.sed 
by  two  tapes  which  make  up  n  part  of  the  dispensing  system.  In  this  system, 
the  tapes  arc  torn  off  Just  as  the  package  is  dlNpcnseji.  This  |)ermils  it  to 
open  as  it  falls  and  to  splli  out  the  dipoles.  On  (H:cai>u>ns,  special  units  are 
prepared  for  hand  dispensing  or  for  tajwless  dIspirns'Mfs*  Appropriate  sleeves 
are  then  used. 

Rope  Is  now  usually  combined  with  tlipidrs,  although  during  World  War  II 
It  WAS  used  separately.  The  standard  material  now  is  a  roll  of  plain  foil, 
inch  wide,  0.00045  Inch  thick,  and  7^0  feet  long.  1*he  rolls  are  slit  from  a 
wide  web  and  wound  on  liglit  aluminum  ring  cores.  A  light  paper  tab  is  at¬ 
tached  to  the  outer  end,  and  the  roll  Is  then  placed  In  a  light  cardbtmrd 
sleeve.  Three  or  more  of  these  are  likely  to  be  used  In  each  tmit.  Following 
disi>fnsing,  the  roll  starts  unwinding  because  of  the  drag  of  the  paper  tab. 
As  more  and  more  of  the  streamer  unrolls  the  drag  on  the  whole  streamer 
supports  it  and  the  weight  of  core  makes  the  unwinding  complete.  iCvcn  It 
the  foil  breaks,  it  is  likely  to  continue  unrolling  unless  there  was  severe  weld¬ 
ing  of  various  layers  of  the  roll. 

A  diagonal  cut  of  dI|)olei  In  the  400-megncyclc  *‘cglon  can  be  obtained  by 
making  a  rtidinl  incision,  approximately  inch  deep,  Into  such  a  rope  roll, 
Originally,  the  stock  of  dipoles  so  formed  was  simply  le*t  around  the  rope 
(of  cournc,  enough  extra  foil  was  wound  to  make  uj)  for  this),  but  now  a 
separate  cut  is  made  and  the  dipoles  arc  then  wrap[)ed  separately. 

18.5.2  Materials 

In  orde»*  to  Increase  the  efficiency  of  chaff,  various  other  materials  have 
been  tried.  Many  of  these  still  show  promt.se  for  use,  ant!  stimc  are  being 
adopted.  Kxamples  are  given  below: 

((/)  fibers— coatetl  with  silver  by  chemical  methods 
(/;)  (JIas.s  fibers— ' coaled  with  aluminum  by  dipping 
(r)  ('omiucting  glass  fibers 
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(d)  OltiKN  tubcit  Vrith  a  con<luctlnu  curf 
(r)  Fused  quartz  tubes  with  a  ciMiducting  cure 
(/)  Mylar  with  foil  laminated  to  It 
(f()  Mylar  with  metal  deposited  on  it 

ik)  hber  yarn  with  silver  de))oslted  by  chemical  methods. 

(f)  (iluss  hber  yarn  spun  with  a  Hne  wire 
'rhe  Iasi  four  iniiteriatM  are  used  principally  In  ex)>erimentHl  rope.  Example 
(h)  has  been  Incorporated  Into  ihc  speclhcatlons  for  the  RK*66«AL  unit. 

IH.5,3  DUpriiiiing  ^syeiema 

1*hc  standard  fiispcn.sInK  sy.stcm  has  l)ren  mentioned  already.  lU  action 
depends  upon  mounting  the  packages  of  chaff  on  two  |)arnl]cl  tapej  of  rein¬ 
forced  puiHT  tafir  about  \}4  Inches  wide,  and  4yj  inches  apart.  A  single  lung 
(^uigth  of  the  ta|>ed  materials  containItiM  ftom  100  to  1000  units  can  be  stored 
tt\  bin.s  mounted  appropriately  In  the  aircraft.  If  more  than  the  content  of 
one  carton  Is  needed,  the  tapes  can  be  spliced.  A  strlptier  n  rchanlsm  (such 
us  the  ALK-6)  then  pull.s  the  two  tapes  at  the  same  rate.  This  is  accomplished 
by  a  pair  of  dtiuble  pulley  driven  l)y  an  electric  motor.  'Phj*  motor  of  the 
.Htrliiper  can  run  at  a  wide  variety  of  s|)eeds;  the  disjwnslng  rate  can  be  ad¬ 
justed  to  appropriate  values.  An  Intervalomeler,  or  other  t^rogramr.irig  de 
vice,  cun  l)e  used  to  provide  a  programmed  dist>cnslng  pattern  It 
be  arranged  so  that  the  djai)emilng  jMittern  can  be  chosen  mamially  In  hUi'ii. 
As  each  tape  Is  pulled  down  by  the  ptdieys  of  the  strlpfrcr,  they  are 
out  of  the  fa.stening  of  the  chaff  sleeve.  I'he  packages  then  fall  down  i:n 
chute  and  out  of  the  aircraft.  Since  the  sleeve  Is  no  longer  fastened,  It  uprr 

In  the  slip  stream  (or  even  whw^ 
falling  d(»wn  the  chuic),  releasir 
the  chaff.  Figure  18-7  Is  a  sketch 
the  general  form  of  such  installa^ 
lions. 

'Fapeless  packaging  and  dls|ren;:< 
tng  has  ticrn  !H<‘vldMl  for  certain 
Instatlations,  siuh  as  ;<)r  ?iome  ot  the 
decoys  dlscussrtt  in  Chapter  20. 
Other  special  d!.Hp;^nslng  problems 
call  for  special  systems.  Two  rtotuble 
examples  are  Jlsj^nslng  from  air 
craft  traveling  at  s)>ecds  in  excess 
uf  Mfitli  1  arid  forward  launched 
dispensing.  No  standard  Installations 
have  so  hf  Iwen  determined  for  dis¬ 
pensing  at  high  velocities,  though 
l-iisistu..;’  )U|)fnH-r  >yMrm  several  experlnienlal  .sy.stems  are 
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being  tried.  Forward  launching,  ns  diJcusRcd  in  Section  18.6,  in  accotnplishcd 
by  the  use  of  rocket*  .sUch  as  the  ALE-9.  It  conniits  of  a  rocket  with  n  pay¬ 
load  of  about  10  unit*  of  ^-bnnd  chaff  packed  into  a  cylinder,  about  3  inchr.^ 
in  diameter  and  feet  long,  made  of  plastic.  Ten  separate  charges  explode 
in  sequence  along  the  :ixiii  of  the  cylinder,  .starting  at  the  nose  and  then  dis¬ 
pensing  a  trail  of  ten  unit*  a*  the  rocket  moves  ahead  of  the  aircrait.  The 
effect  of  this  launching  i*  discussed  later. 

18.6  Tactical  Conahicratlona 

The  threat  to  aircraft  that  chaff  can  be  expected  to  combat  comes  from; 

{a)  Radar-controlled  antiaircraft  guns 

(b)  Radar-controlled  ground-to-air  missiles 

(c)  Radar  active-seeking  missiles 

(d)  Figlster  aircraft  making  use  of; 

( 1 )  Ground  control  based  on  surveillance  radar  information 

(2)  Airborne  intercept  radar  equipment 

The  equipment  involved  in  (u),  (6),  (r)  and  (t/-2)  fall  Into  the  class  of 
tracking  radars;  the  equipment  fur  (d-l)  is  of  the  scan  or  surveillance  type. 
Perhaps  one  should  also  point  out  that  even  local  defense  using  tracking 
equipment  require  the  background  information  from  surveillance-type  radars 
for  full  effectiveness  since  pro|)er  target  a.ss{gnment  can  seldom  l)e  made 
locally  and  since  acquisition  of  a  target  is  difficult  without  ‘‘setting  on“  in¬ 
formation  from  scanning  type  equipment. 

It  will  Arst  be  considered  how  chaff  may  be  u.ned  against  tracking  radars. 
The  classic  situation  for  the  use  of  chaff  considers  either  a  conical  scan  or 
munupul.Hc  radar  of  high  resolution  (about  20  yards  In  range  and  ^  to  2  mils 
in  both  azimuth  and  elevation).  Such  high  resolving  power  does  not  properly 
indicate  the  size  of  the  pul.se  packet.  It  Is  likely  to  be  several  degrees  wide 
by  100  yards  or  so  in  range.  A  chaff  unit  (lls|)fnscd  within  such  a  ceil  will 
produce  an  echo  merging  with  that  of  any  other  target  within  the  same  pulse 
packet.  A  trail  of  chaff  unit.n  spaced  not  much  mure  than  a  pulse  apart  pro¬ 
duces  a  set  of  echos  in  trail  from  which  it  is  difficult  for  a  radar  to  separate 
any  normal  target.  In  the  ideal  situation  an  aircraft  following  in  a  chaff  trail 
already  laid  would  not  be  rejiolved,  and  go(K!  tracking  iniormation  for  anti¬ 
aircraft  guns  or  for  missile  guidance  could  not  be  obtained.  In  many  respects, 
this  is  equivalent  to  other  type.s  of  noise  introduced  into  the  radar  signal. 
The  .situation  Is  also  not  really  changed  when  the  radar  Is  in  a  moving  vehicle 
.such  as  in  the  case  of  an  A I  equip|>ed  fighter  or  a  homing  missile. 

Perhaps  the  principal  weakness  of  this  situation  li  that  it  is  so  difficult  to 
realize.  Some  preceding  dispensing  vehicle  is  retjulreil.  Once  the  trail  is  prO' 
vUled  it  may  become  very  difficult  to  lly  In  It  or  close  enough  to  It  to  obtain 
protection.  This  may  i^e  the  result  of  navigational  error  or  simply  because 
the  assigned  mission  may  not  iicrmit  it.  The  trail  alone  seems  to  offer  only 
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limited  protection  to  the  dispensing  aircraft.  However,  there  Hccm  to  be 
numerous  cases  in  which  a  sufficient  degree  of  confusion  was  Introduced  to 
seriously  degrade  the  action  of  the  radar  and  it  is  probable  that  the  trail  of 
chaff  will  produce  a  bias  in  the  indicated  position  of  the  aircraft  unless  an 
effort  is  made  to  overcome  the  effect,  If  the  operator  is  using  manual  or  aided 
tracking,  he  need  only  track  the  leading  edge.  In  automatic  tracking  devices, 
simple  circuit  modifications  can  accomplish  the  same  end.  This  Is  perhaps 
the  simplest  form  of  antijamming. 

The  problem  of  protecting  a  single  aircraft  from  n  tracking  radar  thus 
poses  a  problem  and  some  so/t  of  forward  launching  seems  called  for.  Such 
a  system  launches  a  racket  in  the  direction  of  the  flight  path.  The  effect  to 


be  expected  Is  indicated  by  Ki'nure  18-8.  The  line  abcdrjfi  is  the  path  of  the 
aircraft  with  d*  the  path  of  the  rocket  at  corresponding  times,  The  dots 
between  r'  and  d'  b  Jicuiu  the  .separate  bursts  of  chaff.  The  radar  does  not 
note  the  chaff  until  the  aircraft  is  at  c,  It  then  gets  the  chaff  signal  along  with 
the  aircraft;  and  under  the  conditions  that  (I)  the  chaff  Is  in  the  range  gate, 
{2)  the  chaff  echo  is  larger  than  ihc  aircraft  echo  and,  (3)  the  distance  be¬ 
tween  the  aircraft  path  at  point  c'  Is  less  than  one-half  the  beamwidlh  of  the 
antenna  and  at  point  d*  is  greater  than  the  bcamwidth  of  the  antenna,  the 
radar  concludes  that  the  aircraft  Is  at  The  rest  of  the  way  along  the  path 
the  radar  tracks  the  no.sltion  of  the  aircraft  incorrectly.  When  the  aircraft  Is 
actually  at  /,  the  radar  track  Is  at  F*  and  when  it  gets  to  /if,  the  radar  tracks 
it  at  G\  Hy  the  time  the  aircraft  reaches  h,  the  radar  will  have  lost  U  com¬ 
pletely;  I.C.,  the  chaff  may  have  produced  a  break-lock. 

I'hc  effect  of  chaff  on  surveillance  ty|)c  radars  is  next  In  order.  It  is  diffi¬ 
cult  to  provide  enough  chaff  to  screen  an  aircraft  completely.  To  do  this, 
there  must  be  a  unit  of  chaff  in  each  irsolution  ceil  of  the  ladar  a.s  fur  a 
(racking  radar,  and,  in  addition,  the  chaff  should  lx*  spread  In  width  as  well 
as  in  length.  This  means  many  more  iinlti^  are  rerjulrcd  for  surveillance 
radars  than  for  tracking  radars.  One  factor  working  In  the  favor  of  chaff 
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however^  h  that  surveillance  radars  usually  have  much  larger  pulse  packets. 
In  addition  they  seldom  have  good  height  discrimination  (unless  height 
finders  are  added);  It  is  not  necessary  therefore  that  the  aircraft  be  nt  the 
same  altitude  as  the  chaff. 

Rather  than  hope  for  complete  screening,  it  seems  more  likely  that  pro¬ 
tection  can  be  obtained  by  simply  confusing  the  air  situation  us  seen  on  the 
m  scope  of  the  radar.  For  maximum  effect  there  should  be  a  sufficient  num¬ 
ber  of  chaff  echoc.s  to  saturate  the  discrimination  power  of  the  radar  system 
and  operators.  Each  echo  must  be  examined  In  some  way  or  other  from  sweep 
to  sweep  to  identify  proper  targets.  Certainly  the  presence  of  many  chaff 
targets  can  only  make  the  normal  GCI  procedure  more  difficult  to  carry  out, 
thus  degradlr:g  the  system.  Some  sort  of  randomness  in  position  ts  especially 
desirable,  but  hard  to  accomplish.  If  one  could  provide  unmamed  vehicles 
to  sow  in  advance,  as  proposed  by  Hult  (Reference  18),  or  If  a  previous  wave 
of  aircraft  could  sow  confusing  patterns  of  chaff  for  a  later  wave  of  aircraft, 
a  very  high  degree  of  protection  could  be  obtained.  Terhaps  this  Is  one  of 
the  useful  functions  of  decoy  systems  yet  to  be  discussed. 

Another  iy\ye  of  protection  obtained  is  concealment  of  the  sise  of  an  at¬ 
tacking  force.  A  few  aircraft  may  be  made  to  simulate  a  much  larger  strike; 
and,  conversely,  if  a  pattern  of  heavy  chaff  sowing  has  been  followed,  a  reduc¬ 
tion  in  sowing  rate  may  give  a  picture  of  a  smaller  force  than  usual.  If  the 
enemy  overe.sti mates  the  strength  of  a  sti iking  force,  he  may  commit  u  much 
larger  portion  of  his  defensive  strength  than  he  should.  The  enemy  may  thus 
be  left  too  weak  to  make  a  proper  response  to  the  main  force  coming  Inter. 

Heforc  proceeding  to  the  track  while-scan  systems  It  is  well  to  point  out 
that  a  single  aircraft  dropping  chaff  may  only  increase  its  chanre  of  detection 
nt  maximum  range  and  then  mark  Its  trail  fur  the  enemy.  Hut  it  mrsy  make 
the  enemy  np|)rehcnsivr  of  other  arriving  aircraft  and  he  may  hesitate  before 
assigning  the  pro|)er  force  against  the  one  target.  I'his  itself  may  make  the 
chaff  worth  while. 

Track- while-scan  systems  are  beginning  to  at  pear  as  part  of  the  radar 
technique,  In  these  8y.stems,  the  dam  prc.Nenteii  for  over-all  su.^'veliSance  ob¬ 
servations  are  given  in  such  detail  and  with  such  resolution  that  useful 
tracking  Inbirmatlon  can  be  obtained.  It  is  possible  to  use  lock-on  techni(|ues, 
and  a  system  of  this  sort  can  track  simultaneously  quite  a  number  of  separate 
targets.  Usually  the  precision  of  such  tracking  is  not  as  great  as  for  a  stand¬ 
ard  tracking  .system,  but  it  may  still  be  quite  enough  for  missile  guidance. 
Of  course,  the  same  .son  of  screening  that  will  work  with  a  tracking  mdar 
will  work  with  a  track-whll;  scan  sy.stem.  'Fhe  decreased  resolving  I'.uwer  may 
even  call  for  smaller  amounts  of  chaff.  Hut  even  If  a  proper  trail  cannot  be 
provided,  all  extra  targets  will  help  rlegrade  the  system  since  they  must  Ire 
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examined  at  least  once  before  they  arc  discarded,  if  enough  chaff  can  l)c 
provided,  serious  dcKradation  may  occur. 

There  is  no  attempt  to  treat  all  situations  or  Kcometrles  in  this  section. 
Single  aircraft,  multiple  aircraft,  succeeding  waves  of  aircraft,  varying 
courses,  changing  response  by  the  enemy,  and  many  other  factors  provide 
for  many  interesting  opportunities  for  the  use  of  chaff.  The  reader  may  well 
wish  1(5  think  out  what  will  hapj)cn  under  some  oth^r  set  of  circumstances 
than  those  Indicated  here.  A  simple  example  might  be  the  ease  of  a  beam 
or  near  beam  approach  by  u  fighter  with  AI  equipment.  Many  other  examples 
can  be  thought  up  easily.  It  is  hoped  that  .several  such  exercl.scs  will  give  the 
reader  a  chance  to  see  why  the  ternt  'Veapon  of  opportunity”  is  used  for 
chaff. 

One  llnal  point  for  this  section  is  to  consider  the  compatability  of  chaff 
and  jamming.  It  should  seem  clear  that,  in  general,  the  use  ttf  one  will  not 
hurt  the  use  of  the  other.  One  can  think  up  examples  In  which  this  is  not  the 
case,  but,  in  the  actual  environment  of  conlllct  these  special  eases  are  not 
likely  to  ocurr  nor  are  the  most  effective  anti-jamming  measures  likely  to  be 
taken.  In  any  case  it  is  clear  that  the  broadband  possibilities  of  chaff  help  to 
discourage  wide-range  frequcr.cy  shifting,  thus  backing  up  any  jamming  pro¬ 
gram.  Conversely,  the  threat  of  jamming  tends  to  discourage  a  number  of 
antichaff  systcm.s.  In  each  individual  case  the  combination  Is  very  likely  to 
be  an  improvement  over  either  one. 

18.7  Antijamming 

The  |)rol))cm  antijamming  (A-J)  of  chaff  can  be  thought  of  either  H'h 
dherimi nation  between  chaff  and  target  or  elimination  of  die  chuff  ” nol.se.” 
The  two  arc  c.sentially  e(|ulvalcnt.  It  is  easiest  to  describe  procedure  in  terms 
of  discrimination,  but  this  Is  only  a  matter  of  convenience.  The  ba.sis  of  dis¬ 
crimination  may  be  any  feature  of  the  chaff  echo  which  differs  from  that  of 
the  target.  A  numl)er  of  such  features  arc: 

(a)  Lack  of  motion 

(/O  Different  llucluation  characteristics 
(r)  Different  polarization  characteristics 
(r/)  ()'  ‘rent  echo  size 
(c)  Sp.  il  position 

flow  such  a  lack  of  equivalence  to  an  aircraft  can  be  used  depends  in  de¬ 
tail  upon  the  radar  system.  Where  the  system  normally  uses  an  operator  all 
of  the  fine  details  of  difference.'^  observable  by  a  [lei'.son  may  be  put  to  u.se. 
An  individual  ciin  do  .i  great  deal  of  Integration  and  sorting  and  it  Is  almost 
a  truism  that  “a  well -trained  operator  is  the  very  best  A-J  device  (»f  all 
against  cloiff,”  Hut  it  is  piossible  to  saturate  the  sorting  ability  of  even  the 
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bcr:Mrnlnc(l  operator,  The  differences  may  also  be  sufllcicntly  obscure  so 
that  (he  delays  in  discrimination  may  amount  to  u  r  rious  degradation  of  the 
system.  Of  course,  in  the  ease  of  e;:treme  diffterenc*  echo  tizc  an  operator 
will  have  little  difficulty  in  picking  out  the  chaff,  items  (i>),  (c),  and  (d) 
.should  in  princi{)lc  furnish  useful  discrimination,  but  it  has  not  been  generally 
practicable  to  depend  on  them  except  In  the  case  just  mentioned  above.  One 
other  ease  in  which  the  echo  size  may  play  a  role  occurs  when  the  dipole 
orientation  is  so  poor  that  a  very  weak  return  is  obtained.  The  lack  of  motion 
of  chaff  or  its  special  po.sltion  have  .seemed  to  present  the  mo.st  useful  weak¬ 
ness  to  exploit  for  A-J  purposes. 

A  number  of  schemes  for  moving  target  indication  (MTI)  are  in  use.  The 
conimon  ones  depend  upon  pulse-to-pulsc  cancellation  of  fixed  targets.  In 
(^rder  to  have  some  difference  for  moving  targets  so  that  the  cancellation  is 
incomplete,  it  Is  customary  to  use  the  dopplrr  shift  in  frequency  resulting 
from  some  radial  component  of  velocity.  If  the  returned  signal  Is  mixed  with 
one  exactly  like  the  tronsmitted  signal,  a  boat  will  result.  This  fluctuation  of 
signal  makes  the  substractlon  of  two  .sequential  sets  of  echo  give  a  non-zero 
result  for  moving  targets  and  a  zero  rc.sult  for  stationary  targets.  The  com¬ 
parison  signal  may  be  obtained  by  using  the  continuously  running  local  uscil- 
lator  to  control  the  transmitter  frequency,  or  it  may  be  obtained  by  using  a 
reflected  signal  from  a  stationary  target.  The  first  type  Is  referred  to  ns  a 
coherent  MTI  and  the  other  is  called  a  noncoherent  MTI.  The  latter  can 
only  work  if  there  Is  a  stationary  target  to  provide  the  comparison  signal. 
Chaff  Itself  might  provide  this  target.  Some  radars  can  be  made  to  change 
from  coherent  to  noncoherent  operation  and  back  at  will. 

Such  MTI  systcm.s  arc  not  perfect,  though  they  may  provide  slgnilicant 
and  useful  dLstrlmination.  Any  tangentially  niuvlng  target  Is  essentially  a 
flxed  target  and  will  not  be  seen.  There  are  also  certain  radial  velocities  for 
which  no  target  will  be  seen,  These  “blind  velocities*’  arc  those  for  whkh  the 
beat  frequency  is  an  integral  multiple  of  the  pulse  repetition  frequency.  Then 
the  beat  produces  no  change  In  pulse  shape  and  there  will  be  full  cancellation. 
These  velocities  arc  those  for  which  the  frequency  shift  A>'  =  where  p 
Is  the  prf  and  n  is  an  integer.  If  lo  is  the  radio  frequency  of  the  radar,  v,  is 
the  radial  velocity  of  the  target,  and  r  Is  the  velocity  of  a  radar  signal  then 

Ah  ==  Vr/C  (im;) 

Thus  the  blind  velocities  arc 

Vr  C  (18-10) 

I'O 

To  get  a  feel  for  these  speeds  note  that  for  .S  ))and  (lo  =  3  X  10*’  cps)  and 


18>^22 


ICLI’CTRONIC  COUNTERMEASURES 


a  prf  of  500  per  second  the  Arst  blind  velocity  is  about  100  knots.  It  is  de¬ 
sirable  to  keep  ft  AS  small  as  possible^  that  is,  to  make  the  bMnd  speeds  as 
hiKh  as  possible.  This  may  be  done  by  increasing  the  prf  or  by  decreasing  the 
radio  frequency.  If  the  first  is  done,  it  shortens  the  unambiguous  range,  and 
if  the  second  Is  dont,  it  decreases  the  resolving  power  with  the  same  sixe 
antenna.  Thus  the  need  to  counter  chaff  calls  for  measures  which  degrade  the 
quality  of  the  radar.  In  addition,  the  problem  of  winds  aloft  may  make  It 
lmpo.ssible  to  eliminate  the  chaff  targets.  These  wind  velocities  may  be  quite 
high.  Resides  this,  they  may  be  different  at  different  altitudes,  which  prevents 
any  compensation  scheme  from  being  unive^'sally  effective.  It  should  be  clear 
that  the  nature  of  chaff  does  not  make  it  useful  against  a  continuous-wave 
dopplcr  system. 

The  .situations  di.HCUsscd  are  nearly  all  dependent  upon  the  effects  of  the 
atmosphere.  In  the  case  of  o))eraiions  outside  the  atmosphere,  these  effects 
no  longer  hold  or  art  changed  markedly.  Even  the  lightest  chaff  tends  to  con¬ 
tinue  in  u  free  orbit  at  full  orbital  velo<.ltle.s.  'rhe  very  slight  drag  produced 
by  upper  remnants  of  the  atmosphere  can  show  itself  only  as  a  very  small 
effect  that  can  In?  ob.scrvcd  only  as  it  Kccuniulates  over  a  long  period  of  time. 
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19.1  C^uiuUlerftifona 

19.1.1  Nfflur«  of  the  Problem 

This  c:ha|>tcr  deHLs  with  upproi^riute  techniques  for  arlincially  udjusting 
the  magnitude  of  the  parameter  tr,  the  echoing  urea  or  radar  cross  section, 
which  occurs  in  the  radar  equation. 

Here  tr  Is  deAned  In  the  conventiorul  nmnner  to  be  the  ar»*a  of  an 
isotropic  scattcrer  which  would  produce  the  same  echo  as  the  actual  tar* 
get  in  the  direction  of  the  radiation  source  This  is  the  mom/siutlc  case,  as 
distinguished  from  the  bistutic  one  for  which  the  radar  return  of  interest  is 
in  a  direction  other  than  that  of  the  source. 

Due  to  the  complex  muurc  of  most  target  structures  of  interest,  a  will 
vary  over  a  considerable  range  as  a  funrtion  of  viewing  angle  and  polarixa- 
lion.  For  the  purposes  of  this  chapter,  unless  otherwise  .staled,  these 
(juanlitics  will  be  tamsldcrcd  as  constant  in  the  evaluation  of  cbange.s  in  tr 
due  to  the  technlqurs  under  consideration.  Since  the  maximum  range  of  a 
given  radar  Is  projKirtional  to  the  fourth  root  of  <f  for  a  nonexlended 
target,  it  is  evident  that  large  changes  arc  required  in  this  parumtier  in 
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order  to  produce  a  fliKniAcant  effect.  A  rhange  may  be  made  in  either  di¬ 
rection,  depending  upon  the  nature  of  the  desired  result.  In  those  situations 
where  the  intent  is  to  elude  radar  detection  by  becoming  ‘Invisible*’, 
the  change  must  lead  of  course  to  a  reduced  value  of  the  echoing  area. 
There  arc  circumstances,  however,  when,  in  orcier  to  alter  the  natural  radar 
presentation,  It  is  desirable  to  increase  the  echoing  area  so  that  targets 
will  appear  where  none  would  normalW  shew  For  example,  for  non-normal 
angles  of  incidence,  the  echoing  area  of  bodies  of  water  is  very  small  com¬ 
pared  to  a  land  return.  Bodies  of  water  ap()ear  as  blanks  on  the  radar 
sco|)e,  and  often  serve  as  navigational  aids.  If  the  echoing  area  is  pro[>crly 
enhanced  in  these  regions,  the  radar  return  level  relative  to  that  of  land 
will  be  increa.sed  and  the  navigation  aid  would  be  removed. 

The  means  by  w?»ich  the  echoing  area  may  be  reduced  are  purely  passive 
in  character,  whereas  the  methods  for  Increasing  the  echo  may  be  either 
passive  or  active.  In  the  active  case,  the  technique  centers  around  the 
electronic  generation  of  signals  shaped  and  timed  to  corresr>ond  to  the 
signal  characteristics  of  the  illuminating  radar  in  order  to  preserve  a  natural 
appearance  on  the  scope.  The  required  increase  In  tr  Is  obtained  by  choos¬ 
ing  an  appropriate  power  level.  In  the  passive  case,  the  returned  signal  is  that 
of  the  originating  radar  and  the  entire  emphasis  is  on  concentrating  the 
reflection  to  as  high  an  extent  as  Is  possible.  Insofar  ns  target  reduction  Is 
concerned,  the  method  consists  of  ab.sorbing  or  preventing  a  coherent  return 
of  the  Incident  radiation. 

19.1,2  DUtlncilon  l^iwoeii  Ground  and  Airborne  Target  Masking; 

Since  the  background  of  an  airborne  target  Is  quite  different  from  that 
of  a  ground  target,  a  difference  in  technique  may  be  rx|>eclcd  In  the  detection 
and  prevention  of  defection  for  the  two  cases  The  airborne  target  is  com¬ 
paratively  isolated  In  free  space,  and  there  are  no  competing  returns,  in  the 
absence  of  extraneous  decoys,  to  hamper  the  identification  of  the  lm|)ortant 
tar;"'t,  The  use  of  such  schemes  Is  covered  In  Chapter  20;  for  the  pur¬ 
poses  of  the  present  chapter,  all  airborne  targets  will  be  considered  to 
l>c  genuine  offensive  weapons  for  which  a  reduction  In  radar  cross  seetbin 
would  be  a  desirable  advantage.  The  design  objective  in  this  connection 
would  be  to  niiiiimi/.e  this  quantity  to  the  greatest  practicable  extent,  the 
limitations  being  due  to  the  size  and  weight  of  the  absorbing  material 
required  to  do  the  job.  With  the  present  state of-thr-art.  nde<iuate  broad¬ 
band  protcition  would  impose  a  severe  penalty  on  the  flight  characteristics 
of  a  laigc  aircraft  if  the  attempt  were  made  to  cover  it  with  absorbing  ma- 
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terlal.  The  use  of  structural  material  having  absorbent  properties  is  an¬ 
other  matter)  and  will  be  treated  in  Stciion  19.3.3  of  this  chapter. 

It  should  be  noted  that  an  ultimate  limitation  on  the  radar  cross  section 
of  an  airborne  target  is  set  by  the  elects  >nic  transmitting  and  receiving 
equipment  on  the  aircraft.  Radar  and  comm'jnicatlons  antennas^  which  of 
course  cannot  be  covered  with  absorbing  mah^rial,  create  a  residual 
section  of  about  ten  square  meters.  This  would  be  the  irreducible  minimum 
value  of  tTf  ansutning  perfect  absorption  everywhere  else. 

Airborne  target  reduction  must  be  effective  against  bIstatic  radars  and  the 
absorbing  material)  consequently)  must  preserve  Its  electrical  characteristics 
over  a  wider  angular  region  than  would  be  required  for  the  protection  of 
ground  targets. 

In  the  absence  of  absorbing  materials)  the  scattering  from  an  airframe 
can  be  divided  Into  contributions  from  three  types  of  surfaces:  1)  doubly 
curved)  2)  singly  curved  (cylindrical))  and  3)  flat  surfaces.  When  the 
radii  of  curvature  and  surface  dimensions  are  large  relative  to  the  incident 
wavelength)  the  scattering  becomes  more  sharply  focused.  In  the  limit  of 
geometrical  opticS)  purely  specular  reflection  is  observed. 

An  interesting  technique  for  altering  the  cross  section  of  an  airborre  target 
consists  of  modifying  the  surface  conAguratlon  according  to  tie  principles 
of  geometrical  optics  in  such  a  manner  that  large  reflections  a ;e  diverted 
to  unimportant  regions  of  space  at  no  Increase  in  magnitude.  By  tids  means, 
as  a  typical  example,  it  has  been  possible  to  obtain  a  10  to  i  i\'duct{on 
In  broadside  cross  section  In  the  horizontal  plane  at  the  expense  of  th^*e  per¬ 
cent  increase  in  frimtal  area.  The  aircraft  surfaces  are  altered  Sw  th\t  the 
incident  radiation  it  reflected  at  angles  of  about  20  degrees  above  and  oolow 
the  horizon. 

The  data  taken  in  thi.i  connection  were  obtained  by  optical  techniques  un 
scale  models  and  have  been  found  in  good  agreement  with  calculated  valuo^ 
as  well  as  those  measured  by  true  scaling  of  model  and  wavelength.  Thi' 
10-dccibel  figure  mentioned  above  corre.sponds  to  the  practical  modification 
of  a  conventional  aircraft.  Being  bused  on  the  limit  of  gecrnctrical  optics,  this 
approach  Is  of  course  only  valid  for  wavelengths  very  small  compared  to 
nirpinne  dimensions, 

Inc  surnites  of  Tilrframc.^  are  prescribed  by  aerodynamics  and  hence  the 
change  in  contour,  i.c.,  conversion.s  to  Hat  sui* faces,  required  by  the  method 
mentioned  above  find  little  application.  However ,  In  the  absence  of  re¬ 
strictions  on  allowable  orientations  and  shapes,  the  control  of  scuttcring 
by  reilecting  surfaces  may  be  competitive  with  control  by  absorbers. 
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Ground  targets  are  situated  In  an  environment  which  Kcnernliy  produces  a 
variety  of  reflections,  one  Important  exception  ixicurring  when  the  “ground” 
\a  the  surface  of  the  sea.  Since  the  desired  objective  is  to  render  the  target 
ns  inconspicuous  ns  possible,  the  means  of  accomplishing  this  will  usually 
be  more  complex  than  the  mere  reduction  of  the  radar  cross  section  of 
each  component  of  the  target.  To  blend  In  with  the  surrounding  terrain, 
various  portions  of  the  target  may  require  no  treatment  or  enhancement, 
cither  passive  or  active.  The  situation  is  quite  different  from  that  of  an 
airborne  target,  which  stands  out  against  an  empty  background, 

19tl.3  Limitations  on  Slxe  of  Target 

As  stated  previously,  ail  other  factors  remaining  cqu&l,  the  range  of  a 
given  radar  is  proportional  to  the  fourth  rout  of  rr,  the  radar  cross  section. 
'I'hcre  may  be  cases,  however,  where  the  natural  value  of  Is  so  enormous 
that,  even  when  substantially  reduced  by  the  various  available  techniques, 
the  resulting  radar  range  is  more  than  adequate.  As  an  example  of  this, 
conshier  a  large  ship  which  would  have  a  radar  cross  section  on  the  order 
of  one  mlllioti  square  meters,  with  the  lack  of  reflection  from  the  surrounding 
water  providing  a  high  degree  of  contrast.  Suppose  that  It  were  possible  to 
reduce  the  cross  section  by  20  decibels,  which  would  be  a  difficult  task  to 
perform,  even  over  a  relatively  narrow  band,  Using  the  reduced  value  of 
tr  =  10^  square  meters  in  \}yi  radar  equation,  along  with  nominal  values 
of  60  kilowatts  [)cak  |)ower,  .^0  decibels  antenna  gain,  and  84  decibels  below 
a  milliwatt  (-dbm)  receiver  sensitivity  at  X-band  yields  a  range  of  approx¬ 
imately  90  kilometers.  An  airborne  radar  having  thc.se  characteristics 
would  thus  retain  a  considerable  capability  againsi  a  ship  protected  to  the 
extent  Indicated  above,  and  reducing  the  ship’s  cross  section  would  be  of  little 
/aliic. 

'rhe  foregoing  example  indicates  a  Ilmitatltm  on  tnc  usefulness  of  ir- 
reduction  In  the  case  where  large  targets  are  Involved.  The  case  chijsen  In 
illustrate  this  Is  extreme,  and  the  same  considerations  would  not  necessarily 
apply  to  land  l)ascd  targets,  for  reasons  previously  mentioned. 

19.2  Methoda  of  Target  Masking  niid  Modineatloii 

19.2.1  A!)sorhera 

insofar  us  target  reduction  is  conccrncil,  the  hleal  countermeasure  Is 
one  whith  renders  a  target  completely  Invisible  to  an  enemy  nidtir.  'I’hls 
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may  bn  accomplished  in  theory  by  employing  a  suitable  absorbing  nuitcrial 
ns  n  cover  which  Hiniulates  the  impedance  of  free  space.  In  pracMce,  this 
is  a  diftkult  Icchnitiue  io  apply,  es|jeclally,  if  the  wavelengths  under  con¬ 
sideration  are  to  range  over  a  wide  band,  ns  is  usually  the  case.  The  pro¬ 
gress  which  has  been  itiadr  to  date  in  developing  absorbing  materials  is 
reported  In  8ubse(|ucnt  paragraphs  of  this  chapter;  it  will  be  seen  that 
significant  broadband  reductions  in  ir  may  be  achieved  with  snuill  weight 
and  large  volume,  or  large  weight  and  small  volume,  but  the  combination 
of  small  weight  and  small  volume  has  yet  to  be  realized.  This  is  not  true  for 
narrow-..  .  appllralions,  where  a  .satisfactory  combination  of  electrical 
and  mechanical  p.  (ifrtiers  may  be  obtained  quite  readily.  This  is  an  im¬ 
portant  point,  since  all  <)perational  requirements  call  for  a  wide  fre¬ 
quency  bund.  Ortuln  .  'scs  of  targets  will  be  subjected  only  to  high- 
re^iolutlon  radar  operating  ..  ’  o  .a  microwave  bands  and  nuiy  be  pro¬ 
tected  Ht  little  sacrifice  In  weight  or  volume.  There  ore,  on  the  other 
hand,  targets  for  which  mechanical  restrictlains  are  relatively  unimportant 
and  in  this  case  gmid  broadband  protection  can  be  provided. 

19.2.2  Ri^fleelori 

Retlcclors  are  pa.nsive  devices  intended  to  augment  the  radar  return  from 
a  given  area  and,  when  used  in  combination  with  absorbers,  serve  to  alter 
the  normal  radar  presentation  thus  providing  an  electronic  camouflage.  Th 
function  of  a  reflector  is,  of  course,  exactly  the  opiMisilc  of  an  absorber, 
and  it  should  operate  in  this  fashion  over  the  same  bandwidth  ns  the 
absorber  and  fc.  the  same  viewing  anglei. 

For  all  practical  forms  of  reflectors,  there  Is  a  natural  deiwndence  of  a 
upon  the  reflector  dimensions  expre.ssrd  in  wavelengths,  so  that  u  given 
physical  shape  will  have  bandwidth  properties  iH*yond  the  control  of  the 
designer,  'fhe  viewing  anrle  over  which  effective  reflection  may  occur  Is, 
Oh  the  otluT  hand,  subject  to  a  large  measure  of  control,  depending  upon 
the  extent  to  which  the  mechanical  conse(|uence.i  may  be  tolerated.  A 
flat  metal  plate  is  the  simplest  con figu ration;  it  yields  a  high  reflection 
over  a  narrow  angle.  'Inhere  arc  various  forms  of  corner  reflectors,  which 
are  three-dimensional  objects,  capable  of  operating  over  wider  angles.  Still 
wider  angle  performance  may  be  obtained  through  the  use  of  u  proiierly 
arranged  lens  such  us  the  Luneberg  type,  which  represents  another  clegi  'e 
of  constructional  coniplexity.  Design  relationships  for  these  reflectors  are 
given  In  seitlon  10.4,  which  will  a.s.slst  in  the  selection  of  the  best  cim- 
figiiraiiou  for  a  particular  application. 
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19.2.3  ^hriiclurr  mt\  T«i*riiln  Contouring 

I  his  topic  deals  with  the  electronic  camouflage  of  land  tarKcts  and  sur¬ 
rounding  areas  by  means  of  the  absorption-reflection  techniques  discussed 
above  The  quality  of  the  results  iiepcnds  on  the  materia!  and  effort  which 
can  be  allocated  to  the  pur|K)se,  since  weight  ami  volume  restrictions  are 
not  of  prime  importance  here.  Broadband  absorbing  material  is  commercially 
available,  or  can  be  produced  readily  for  a  variety  of  applications;  including 
those  requiring  a  substantial  degree  of  weather  resistance  As  previously 
Indicated,  the  reduction  in  cross  section  need  not  necessarily  be  great  fur 
every  part  of  the  target;  various  regions  of  it  will  require  differing  degrees 
of  protection,  which  Is  of  importance  from  an  economic  point  of  view. 

Insofar  as  reflecting  ciemenls  are  concerned,  corner  reflectors  would  be 
the  must  economic  tyi)e  if  large  quantities  were  require<!.  This  will  generally 
be  the  case  since  important  target  areas  or  their  simulate*!  counterparts 
are  extensive  in  area.  Not  only  may  real  targets  he  altered  by  these  means 
but  false  targets  may  also  be  createci  to  confuse  the  radar  operator  who 
depends  on  the  presence  of  real  targets  to  fulflil  the  tmvigational  require^ 
meats  of  his  mission.  Some  applications  of  this  technique  will  be  discussed 
In  section  19.5  of  this  chapter. 

19.2.4  Eleclronic  Target  Simulation 

KIrctronic  target  simulation  refers  to  the  generation  of  false  targets  by 
active  means.  There  is  a  di.stinction  between  this  technique  and  distributed 
area  jamming.  The  latter  method  empl<»ys  large  numlnrs  of  jamming  trans- 
mi  tters  located  throughout  a  large  ground  area  and  produces  many  sources 
(d  masking  radiation  which  are  not  Intended  to  create  the  appearance  of 
genuine  targets.  The  radar  operator  will  know  that  he  is  being  Jammed 
and  will  be  faced  with  a  problem  different  from  the  one  posed  by  target 
simulation. 

In  the  case  of  target  simulation,  the  objective  is  to  produce  a  radar  return 
which  will  nut  contain  information  that  might  reveal  its  spurious  nature, 
being  merely  a  stronger  echo  of  that  which  would  normally  occur.  A  typical 
ap|))ication  of  this  technl(|ue  would  be  to  raise  the  apparent  strength  of  naval 
units  by  giving  small  vessels  carrying  the  appropriate  equipment  the  elec¬ 
tronic  dimensions  of  destroyers,  or  battleships.  A  similar  concept  may  be 
employed  In  the  lase  of  aii borne  vehicles;  this  situatlt)n  is  treated  at  some 
length  in  C'hapter  20,  “Decoys”. 

In  accordance  with  the  foregoing,  a  target  simulator  consists  of  equip- 
loenl  which  receives  the  radar  signal  and  retransmits  e  faithful  duplicuti»»n 
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of  it  with  a  minimum  of  time  delay.  The  apparent  sixe  of  the  target  would 
depend  upon  the  power  employed;  the  power  need  not  he  excewivc  to 
create  algniAcant  effects.  Omnidirectional  antennas  are  generally  required, 
and  the  system  should  be  relatively  broadband  to  cope  with  a  variety  of 
radars.  Difficulties  'vill  naturally  arise  if  the  number  of  thest*  l>ecomes  too 
great  since  one  >  ,^ment  cannot  provide  a  satisfa^'tory  replly  to  an  over¬ 
whelming  quantity  of  internjgations.  The  general  characicrisiics  of  this 
tyt>e  of  equipment  are  discussed  in  section  19.6, 


19*3  Prc^perlles  and  AppHcatiuiib  of  Absorbent  Materials 
19.3.1  Broadband  Compositions 

Any  absorbent  material  may  be  analysed  as  a  section  of  a  transmission 
line  having  a  characteristic  impedance  given  by  the  usual  relationship 


Zo  = 


where  ^  and  i  are  complex  quantities  expressed  as  /i  =  /a'  —  ifi'  and  <  =  ** 
—  The  loss  tangents  are  mVm'  and  l"/«^  *nd  thC3e  should  be  high  fa: 
rapid  atUnuatlon  In  the  "line”.  The  lower  these  valmj  are,  the  greater  the 
i  .  e  length,  or  material  thickness  in  this  cose,  must  be  to  produce  a  given 

.enuation. 

The  equivalent  circuit  for  a  broadband  iurber  can  be  considered  as  a 
transmission  line  of  constant  characteristic  impedance  matching  free  space, 
composed  of  lossy  elements,  or  ns  a  transmission  line  of  tH|)ering  characler- 
istic  impedance  such  that  its  input  impedance  is  that  of  free  space  at  the 
surface,  transforming  down  to  a  perfect  conductor  or  short-circuit. 

Several  versltms  of  broadlmnd  ab.sorbers  are  commercially  available,  con¬ 
sisting  generally  of  a  relatively  light-weight  foam  or  hair  mat,  impregnated 
with  lossy  material  such  conductive  rubl>er.  'rhe  required  thickness  de¬ 
pends  upon  the  maximum  wavelength  for  which  the  absorber  Is  to  function; 
the  theoretical  minimum  would  be  about  O.U„„n  for  a  homogeneous  com¬ 
position  depending  uix)n  the  exact  absor|)tion  specification.**.  Vnluea  of 
O.lSAmNK  have  been  obtained  In  practice. 
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Table  19-1  liMis  the  properties  of  a  few  typical  absorbers  of  this  class,  all 
having  a  power  absorption  of  98  percent.  This  value  is  based  on  normal 


Table  19-1.  Typer  of  Abbordkxi 


Type  Lowest  \rcq%ency 

(kmc) 

Thickness 

(inches) 

Weliihl 

(ib/ir) 

Hair  mat 

2.5 

2 

0.33 

Flexible  foam 

2.4 

1 

0.50 

Rigid  plastic  foam 

2  3 

2 

0.62 

Hair  mat  (pyramids) 

0.15 

26 

3 

Flexible  foam  (pyramids) 

0.10 

36 

2.75 

Rigid  plastic  foam  (pyramids) 

0.04 

48 

5 

Incidence  of  the  wavefront,  and  It  should  be  emphasized  that  for  non-normal 
Incidence,  the  characteristics  may  differ.  A  good  quality  absorber  should, 
however,  operate  satisfactorily  for  all  polarizations  with  incidence  angles 
up  to  al)out  30  degrees.  Since  rrHections  at  such  angles  will  nut  return  to 
the  source,  any  decrease  in  performance  In  this  resi>ect  Is  of  no  consequence 
Insofar  ns  monostatic  radar  is  concerned. 

The.He  absorbers  retain  their  properties  throughout  the  microwave  region, 
nnd,  hence,  are  extremely  broadband.  The  last  three  items  in  Table  19-1  have 
a  .surface  formed  In  the  shape  of  pyramids.  This  provides  a  more  gradual 
transition  from  free  si)ttce  to  the  absorbing  material,  thus  producing  less 
rellcction.  It  is  seen  that  the.se  absorbers  arc  relatively  low  In  weight,  at  the 
expense  of  t)e{ng  very  bulky,  and  are  not  suited  for  aircraft  application.  'I'hey 
are  applicable,  however,  to  fixed  siructuies  and  are  widely  used  for  reducing 
rellectlons  in  test  sites.  Compared  to  the  hair  mat,  the  plastic  material  has 
superior  weather-resistant  properties. 

It  (s  possible  to  reduce  the  bulk  to  a  considerable  extent  at  the  expense 
of  Increased  weight  through  the  use  of  ferrite  materials.  The  previously 
quoted  minimum  thickness  of  0  Uminx  was  based  on  the  use  of  nonmagnetic 
substances;  it  may  be  reduced  by  a  factor  of  {  /a  |/po  through  the  use  of  a 
suitable  magnetic  material  in  the  case  of  nonre.sonant  configurations.  Ferrite 
compi)sitl<jns  appear  to  be  the  most  promising  in  this  respect.  They  involve 
high-loss  magnetic  iniiteriuls  embedded  in  n  dielectric  matrix. 
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Relatively  thin  resonant  connKuratlons  based  upon  the  use  of  ferrites 
rjire  avutlhtble.  They  exhibit  bandwidths  on  the  order  of  10  to  1.  This  appears 


TABLK  1941.  FKKRITEt  CAPABLE  OP  95  PERCENT  ABSORPTION 
AT  Normal  Incidence 


Type 

Lowest  jrcquency  Bandwidth 
(4:mf )  (ratio) 

Thickness 

(inches) 

Welftht 

Nl-Mn-Zn 

0.10  13.2 

0.217 

5,20 

Ni-Zn 

0.05  11.2 

0.347 

8.32 

to  be  exceptional  inasmuch  ns  rcsonnnt-iypc  nb!U)rbers  >?rnerally  have  frac¬ 
tional  bandwidths  (see  next  section).  Resonant  ferrite  structures  yield  such 
bandwidths  because  of  the  manner  in  which  i  and  /x  vary  with  frequency. 
Kffectively,  they  cause  a  Kiven  physical  thickness  to  maintain  an  electrical 
thickness  of  u  quarter  wave  over  an  extended  rr^ion  ot  wavelengths.  I'aide 
19-11  lists  two  such  ferrite  materials,  capable  of  95  percent  absorption  at 
normal  incidence. 

Although  these  compositions  require  little  volume,  their  weight  is  exces¬ 
sive  for  airborne  applications.  Heating  also  constitutes  a  problem  .r'nce  the 
Curie  temperature  at  which  the  magnetic  characteristics  (lisap[>ear  is  rela¬ 
tively  low.  The.se  materials,  at  present,  .seem  be.st  suited  to  fixed- target  or 
small  non-uirborne-target  covering.  Their  weather  resistance  is  sui^rior  to 
that  of  the  hair  mat  or  foam  type  materials. 

19.3.2  Naprow-!!«nd  Compcslliona 

Narrow-band  absor'>crs  include  a  wide  class  of  special  impedance- 
matching  structures  composed  of  layers  of  different  materials,  the  neces¬ 
sary  loss  being  provided  by  resistive  elements  or  sheets.  They  cun  be  made 
quite  thin  compared  to  the  broadtiund  types  which  are  es.sentlaily  homo¬ 
geneous  Absorbers,  the  equivalent  circuit  for  which  is  a  transmission  line  of 
constant,  or  possibly  tapering,  characteristic  impedance. 

In  the  narrow-band  cn.se,  the  equivalent  circ  consists  of  a  number  of 
transmission  lines  connected  in  series.  Kach  lay^  of  the  material  may  be 
considered  as  one  such  line,  and  its  constants  are  adjusted  to  provide  a 
certain  impedance  transformation  from  the  preceding  layer,  liy  this  means, 
one  n)uy  nturt  from  the  normally  retlecting  target  surface  and,  through  a 
series  of  tiansformations,  arrive  at  a  surface  Impedance  which  matches 
that  of  free  space,  the  necessary  attenuation  having  been  included  in  the 
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design  of  Komc  or  all  of  the  material  layers.  The  number  of  parameters 
available  for  adjustment  is  thus  larger  than  In  the  case  uf  the  homogeneous 
broadl}and  absorber;  this  additional  complication  manifests  itself  e' 
tricatly  as  n  resonance  phenomenon  having  typically  narrow-band  chaw  . 
t  eristics. 

During  World  War  11,  two  principal  types  of  resonant  absorbers  were 
developed  by  CJcrman  scientists  and  used  with  success  In  snorkel  camou- 
ilagc.  The  first  of  these,  the  Jaumann  absorber,  consisted  of  seven  layers 
of  thin  semiconducting  .sheets,  separated  by  dielectric  layers  of  equal  thick¬ 
ness,  about  0.35  inch.  The  lossy  sheets  were  made  of  lampblackdmpreg- 
naled  paper  having  a  thickness  of  0.004  Inch,  and  the  conductivity  of  the 
various  sheets  wtw  graduated  exponentially  from  layer  to  layer.  The  second 
absorber,  known  as  “Wesch-Mut",  consisted  of  two  layers  with  a  total 
thickness  of  about  0.3  inch,  which  was  considerably  Ic.ss  than  the  Jaumann 
absorber  purporting  a  similar  wavelength  coverage.  The  first  layer  con¬ 
sisted  of  a  0.04  inch  thick  rubber  sheet.  This  was  covered  by  a  mat  of  a 
rubi)er-iike  substance,  molded  ir  the  form  of  a  waffle  and  loaded  with  car¬ 
bonyl  iron  powder.  Good  absorbing  properties  were  claimed  at  3.3  and  10 
kilomcgacyclcs,  with  a  resonant  reflection  occurring  at  6  kilomegacycles. 

Subsequent  work  In  Germany  has  led  to  the  development  of  a  technique 
v.'hich  consists  of  spraying  a  metal  surface  with  eight  cunts  of  a  palnt-like 
materia),  each  having  different  elect romagntUic  properties,  'rhls  process  pro¬ 
vides  excellent  environmental  and  mechanical  characteristics,  which  make  it 
suitable  for  application  to  aircraft.  The  total  thickness  Is  about  0.08  Inch, 
with  a  weight  of  about  0.76  pound  per  square  foot.  The  material  absori)s 
93  percent  or  more  energy  over  a  20  |Krccnt  bandwidth  in  the  10  kllomega 
cycle  region. 

Re.search  ns  been  initiated  with  the  objective  of  increased  bandwidth  by 
investigating  such  items  as  electric  and  magnetic  dt|)ole  ab.sorbers  and  ab¬ 
sorption  of  energy  In  unl.Hotropjc  media.  Emphasis  in  the  first  category  has 
been  placed  upon  absorbers  incorporating  resonant  elements  or  loops  either 
arranged  within  the  metu'  backing  sheet  itself  or  by  specially  dimensioned 
resonant  circuits.  Preliminary  results  indicate  an  ab.Horption  of  better  than 
95  percent  in  the  2.5  to  6  kilomcgacycle  band  fur  a  material  thick ne.ss  of 
approximately  0.8  inch.  Insofar  as  anisotropic  compo.sitlons  are  con- 
cerneri,  suitable  ferromiignetic  materials  have  yet  to  be  developed,  biu  it 
has  been  predicted  that  un  absorber  thickness  of  0.033  inch  u\cr  a  metal 
surface  or  0.010  inch  over  a  masonry  surface  might  be  produced,  pro¬ 
viding  98  percent  absorption  In  the  5  to  38  kllomegacycle  fre(|uency  liand. 
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As  previously  noted,  resonance  absorbers  involving  ferrite  materials  in 
general  have  sn|)erior  bandwidth  properties  because  of  the  manner  in 
which  /i  and  c  can  vary  with  frequency. 

Absorbent  coatings  for  airborne  use  must  be  thin,  lightweight,  and  dur¬ 
able.  Presently  the  only  available  materials  which  meet  such  specifications 
arc  relatively  narrow-band  and  function  in  the  microwave  frequency 
regions.  Insofar  as  their  application  is  concerned,  it  should  be  noted  that 
certain  aircraft  portions  contribute  more  than  others  to  the  radar  cross 
section;  for  example,  the  head-on  return  is  principally  due  to  wir.g  edges 
and  engine  nacelles.  Thus,  selective  covering  must  be  employed  and  in¬ 
stalled  in  accordance  with  experimental  measurements  for  each  given  type 
of  aircraft. 

19.3.3  Sirurtural  Absorlrers 

In  contrast  to  the  techniques  previously  discussed,  which  deal  with  the 
covering  of  reilecting  structures,  there  remains  tl^e  use  of  structural  nmterlal 
wPh  inherent  absorbing  properties.  Such  materials  would  be  suitable  fur 
both  airborne  and  ground  configurations  and  have  been  the  subject  of  con¬ 
tinuing  research  for  some  time.  In  one  version,  the  absorber  has  a  honey¬ 
comb  construction,  with  loss  provided  by  incor|x}ratlng  material  of  logarith¬ 
mically  graded  resistance  along  the  sides  of  the  honeycomb  cells.  The 
dielectric  material  consists  of  phenolic-nbcrglns,  both  for  the  facing  sheets 
and  honeycomb,  and  the  resistive  material  is  a  combination  of  carbon  black 
and  si  leer  powder.  Absorption  of  greater  than  95  jiercent  over  a  2.5  to  15 
kilomcgacycle  range  has  been  achieved  with  a  material  thickness  of  one 
inch  and  weighing  0.7  pound  per  square  foot,  which  is  satisfactory  for 
some  sub.sonic  vehicle  designs.  A  materia!  with  mechanical  characteristics 
suitable  to  vehicles  operating  at  supersonic  speeds  remains  to  oe  devclo|)cd; 
the  ass(x:lutr(l  high  temperatures  and  erosion  processes  present  serious 
problems. 

19.4  The  I)e«lgii  n;u\  Use  of  Kofleotcri 

19.4.1  Gopiirr  Hrfleetors 

Figure  19-1  .shows  three  types  of  corner  reflectors.  All  consist  of  mutually 
pi-r|>en(iicu!ar  plane  surfaces,  meeting  In  an  apex  denoted  by  O  in  the 
sketch,  which  re|)resenls  the  appearance  of  the  reflector  as  viewed  along  the 
axl.s  of  .symmetry,  'rrianguiar  corner  reflectors  arc  tho.se  having  sides 
circular  corner  reflectors  have  sides  AA^BOf  and  square  corner  reflectors 
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have  sides  1'he  i)rojcctcd  areas  of  each  would  be  us  shown;  the 

reflection  obtained  In  each  case  depends  directly  ui)on  the  projected  area. 
Formulas  arc  given  In  Table  19-I1I  for  the  various  maximum  radar  cross 
sections  and  that  of  a  flat  plate.  The  maximum  value  of  tr  occurs  along  the 
axis  {}[  symmetry,  which  in  the  case  of  a  flat  plate  is  the  perpendicular  to 
its  surface. 


•rtt  V»tui  It. 

fifnir  It  within  r,  i 

(irtuifi  (•iw  II  wilnin  f  ,  i  0  MO  l  t(tt* 
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Kkiuhk  10- 1  Corner  Hi'flrctorn 
(projetii'tl  virw) 


Tablk  iv-III,  Fommulas  fok  Kaiiah 
C'koss  Skction  and  a  Flat  I’latk 

Reflector  Type  tr 

Flat  Plate 


Square  '’orner 
C'ircular  Corner 


1.000 

1.000 

0.718 


Triangular  Corner  0.445 


ii-r 

nr 

nr 

nr 


4r 

47r 

4?r 

4fr 


A  =rj  frcc-spacc  wavelength 
X  =  projected  area  according  to  the  shape 
of  the  reflector  as  shown  In  Figure 
I9-I. 


The  values  are  arranged  in  a  descending  ord'*r  of  magnitude;  it  is  seen  that 
the  flat  plate  j)rovldes  the  greatest  return  for  a  given  projected  area.  This 
Is  true,  however,  for  only  a  very  limited  angular  region:  the  flat  plate  is 
tfierefore  unsuitable  If  any  appreciable  range  of  viewing  angles  Is  involved. 
For  example,  at  a  viewing  angle  of  lc‘'s  than  two  degrees  from  the  per¬ 
pend  irtdar,  a  flat  plate  10  wavelengths  on  a  side  has  a  radar  cro.ss  sect  it  »n 
that  is  one  tenth  of  the  maximum  value.  In  comparison,  the  cross  section 
of  a  Irlattgular  corner  reflector  Is  only  reduced  to  one  half  of  the  maxi  num 
at  ait  angle  of  20  degrees.  Operational  reeptirements  generally  call  for  wide- 
angle  coverage,  and  the  three  types  t»f  ettrners  difpT  little  in  this  respect. 
'Phe  triangular  version,  although  having  the  lowe.st  value  of  (fMiim  in  gen¬ 
erally  chosen  because^  it  can  be  easily  manufactured  and  handled.  It  should 
be  noted  that  the  radar  cross  section  In  all  cases  is  a  function  of  the  wave¬ 
length.  'Phis  is  the  only  additional  electrical  <k*slgn  factor  which  most  l)e 
considered,  other  than  that  of  insuring  that  highly  conducting  materials 
are  used  In  (^rder  to  ma.xlmi/e  re  lied  ions. 
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19.4*2  Lc*!ik 

In  the  event  that  wider  anxic  cnveranc  is  desired  than  may  be  obtained 
from  a  corner  relltTlor,  »?  suitable  n leans  of  aehlevinK  this  result  Is  the  use 
of  a  LuneberK  lens,  apjillratlons  of  which  are  treated  in  C’hapter  10,  In  Its 
simplest  form,  this  lens  consists  of  a  sphere  constructed  of  low-loss  materiid 
havlnf{  a  value  ui'  c  which  varies  with  the  distance  from  the  center  of  the 
sphere  in  accordarice  with  the  relationship 

•  (r)  =  2  -  (r/RY^ 

where  R  is  the  rad  his  of  the  sphere.  This  creates  a  lens  action  which  hrlngs 
a  plane  wave  incident  upon  the  sphere  to  a  focus  on  the  surtace  at  a  point 
diametrically  opposite  from  the  point  of  tan^ency  of  the  wavefront.  Thus, 
if  a  small  refit cting  di.sk  is  located  at  any  point  on  the  lens  surface,  plane 
reflection  from  the  projected  area  of  the  sphere  results  alonw  the  direction 
of  the  line  Joining  this  disk  and  the  center  of  the  lens.  If  a  larger  portion 
of  the  sphere  is  covered  with  a  rellectinK  material,  the  same  ma/mitude  of 
reflection  resuhs  over  all  viewinjr  nnj^les  correspondlnK  to  the  covereil 
portion.  In  practice,  such  reflect ors  are  designed  to  provl{|e  coverage  over 
a  90-degree  cone  h'or  a  wider  angle  de.sign,  the  relied ing  cover  will  partially 
block  the  Incoming  wave  at  extreme  angles,  thus  reducing  the  effectiveness 
of  the  device.  The  value  of  tr  which  holds  over  the  operating  region  Is  based 
upon  the  projected  area  of  the  sphere  and  is  giver,  by 

4w 

ir  =:  -~y  (projected  area) “  . 

In  practice,  a  dielectric  material  having  the  continuously  varying  prop¬ 
erties  .specified  above  l.s  rlirficutl  to  realize  aiul  .some  approximation  must  he 
made.  One  commercially  uvallable  version  of  .such  a  de.sign,  whaij  provi<!es 
excellent  performance,  consists  of  a  spherical  molded  core  and  nine  mo)d(*d 
concentric  shells,  The  core  and  shells  are  dimen.sioned  in  accordance  with 
the  theoretical  I.uneSierg  lens  formula,  but  In  dl.screte  steps.  'I'hc  dielectric 
constant  of  the  core  \y  2.0,  and  the  shells  have  dielectric  constants  ranging 
from  1.9  to  1.1  In  0.1  steps.  'I'he  material  is  a  lighl-welghi  low-loss,  plastic 
foam  capable  of  being  molded  to  a  very  accurate  tolerance,  both  dimen¬ 
sionally  and  with  respect  to  the  dielectric  constant. 

19.4.'{  The*  Vhu  Attn  Array 

An  interesilng  type  of  relied  or,  heat  ing  the  name  of  Its  originator,  con¬ 
sists  of  an  array  of  railiatiiig  elements  wliich  are  Inlerconnecti'd  in  sucli  a 
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fashion  that  the  phase  (llstrl!)utlor.  corresj^onding  to  a  received  wavefront  Is 
transformed  into  that  required  to  form  a  transmit linK  beam  in  the  same 
direction,  The  transformation  is  acconij dished  by  connect inM  each  element 
to  its  diiiRona!!y  opposed  mate  (with  reference  to  the  array  center )»  all 
conneetinR  lines  having  equal  length. 

'I'hc  measured  oroperties  of  such  a  device  show  that  it  provides  angular 
coverage  superior  to  that  of  a  corner  reflector.  For  example,  a  4  by  4  dipole 
array  with  half-wave  spacing  produced  a  half-power  return  at  an  angle  of 
.10  degrees,  as  compared  with  the  20-degree  angle  previously  mentioned 
for  the  corner  refleett^r.  An  outstanding  advantage  of  the  Van  At  la  Array  Is 
that  it  is  essentially  two  dimcnsioniil,  whereas  the  corner  reflector  requires 
substantial  depth.  This  is  of  course  an  Important  consideration  for  airborne 
decoy  applications. 


19.5  Appllrallonii  of  Struetiirc  and  Terrain  Contouring 

As  previously  in.'.!  uted,  the  alteration  of  radar  returns  from  structures 
and  surrounding  terrain  may  be  ruc.onii dished  through  a  combinaticui  »»f 
active  and  passive  means.  The  active  devices  consist  of  electronic  trans¬ 
ponders,  to  be  di.scussed  in  Section  19.6,  which  serve  to  augment  normal 
radar  return.s.  'I'he  passive  devices  can  either  augment  or  diminish  the 
normal  returns.  In  the  first  rase,  reflectors  are  used;  absi)rbing  materials 
accompHsh  the  second  objective. 

Uelleclors  are  suitable  for  the  simulation  of  small  cities,  bridges,  etc. 
bodies  of  water  such  a.s  lakes  and  rivers,  wh':h  normally  appear  dark  on 
the  r.idar  scoin*,  may  be  concealed  thrimgh  the  use  of  reflectors,  thus  re¬ 
moving  important  navigational  aids.  The  design  and  distribution  of  the 
reflectors  depends  on  the  magnitude  of  the  desired  result  and  the  viewing 
angles  over  which  the  effect  Is  to  be  maintained.  Returns  beyond  a  certain 
magnitude  cannot  be  produced  satisfactorily  through  the  use  of  rel]ect'>rs, 
and  more  jxjwerful  techniques  are  required  at  thi.n  point.  Electronic  trans¬ 
ponders  or  active  i  irgel  simuhiiors  fulfill  the  power  requirements  for  the 
simulation  of  largo  cities.  Many  additional  refinements  in  deetptiur.  are 
available  through  the  drsi;4n  of  active  circuitry  of  this  type;  for  example, 
moving  returns  can  be  produced  which  will  Inlrotluce  cirors  in  wind  Infor¬ 
mation  obtained  from  them,  thus  compounding  the  difficulties  of  the  bomb¬ 
ing  and  navigation  system. 

Insofar  as  the  reduet  ion  of  radar  returns  is  concerned,  two  methods  are 
available,  Structure.s  such  as  build! ng.s  and  bridges  may  be  covered  with 
various  types  of  absorbent  material  in  the  first  instance.  Secondly,  a  con^ 
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KiderMble  urnount  may  be  accompli.shod  by  contouring  f'^nccs  or  sloping  land 
Hiound  I)uil(ilng8  to  destroy  jierpendiculur  relationships  between  walls  and/or 
fences  and  the  ground. 

Each  situation  may  require  a  particular  combination  of  active  and  passive 
ttchniques. 

19t6  Typical  Electronic  Target  8tmuiator 

The  technique  involved  Itcre  Is  related  closely  to  the  problems  of  target 
masking  and  modification  and  is  discussed  for  the  sake  cf  completeness.  The 
equipment  which  performs  this  function,  however,  belongs  to  the  general 
class  of  radar  repeaters,  and  this  subject  is  treated  ut  length  In  C'hiipter  15. 

A  target  simulator  intended  for  ground  use  will  differ  from  one  employed 
to  protect  i)olnt  targets  such  as  ship,*  and  aircraft  by  the  length  of  the  re¬ 
turned  pulse.  The  ground,  being  an  extended  target,  will  produce  an  echo 
of  greater  duration,  and  this  characteristic  must  be  simulated  by  the  ap¬ 
paratus  In  order  to  provide  adequate  performance.  It  will  also  be  observed 
that  the  range  relationship  used  for  the  ixdnt  target  situation,  l.e., 

Range  a  , 

does  not  hold  in  this  case  since,  for  a  given  antenna  beamwidth,  the  greater 
the  range,  the  greater  the  illuminated  area  becomes.  In  this  connection,  a 
is  %i?l\ned  on  a  unit  area  basis  atui  the  total  effective  echoing  area  is  there¬ 
fore  proportional  to  the  square  of  the  altitude  of  the  viewing  radar.  Thus 
the  range  relationship  becomes 


Range  «  ao  , 

where  <7u  Is  the  unit  arcii  value  of  ground  retlectlon.  This  e(|uatlon  is  the 
one  which  must  be  considered  in  establishing  the  power  level  of  the  target 
simulator. 

The  .simplest  physical  rcalixiition  of  such  a  piece  of  equipment  consists 
of  a  broadband  receiver,  pulse  stretcher,  and  broadband  transmitter.  In  a 
typical  microwave  ap|)licat)on,  traveling  wave  tubes  might  be  employed  in 
conjunction  with  a  crystal  detect(jr  to  achieve  a  high,  gain-bandwidth  pro¬ 
duct.  1\)  avoid  regeneration,  the  output  pulse  should  be  lime-llmited  t**  less 
than  the  interpulse  period  of  the  received  signal.  In  operation,  the  receiver 
is  gated  off  while  the  pnUe  reply  is  being  transmitted. 
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19.7  Kxprriineiitnl  of  Tnrgt*!  AStt^mllon 

Figures  19-2,  19-3,  and  19-4  arc  airborne  radar  scc)|)c  prescnUitions  which 
illiislralc  the  alteration  of  targets  through  the  use  of  corner  reflectors.  Five 
types  of  corners  were  used  In  obtaining  this  data: 

4  foot  Triangular 
4  f(K)t  Square 
6  foot  Square 
6  foot  Triangular 
8  foot  Triangular 

In  the  case  of  the  .sipiare  reflector,  the  dimension  refers  to  the  edge,  and  in 
the  trlangu'  *r  case,  the  indicated  dimension  Is  the  altitude  of  the  aperture. 

Figure  19-2 (a,  b,  and  c)  shows  the  effects  produced  at  Oneidn  Lake,  N.  V. 
In  Figure  19-2a,  this  appears  on  the  left,  the  upper  boundary  being  the 
east  end  i)f  the  lake.  'I'he  small  penin.sula  seen  at  this  end  was  formed  with 
10  corner  reflectors  (4  foot  'I'rinngular)  placed  on  life  rafts.  In  Figure  19-2b, 
this  arrangement  was  dlsturl)ed  by  high  surface  \>in(is  which  broke  the 
anchoring,  'Fhe  individual  corner  reflectors  cun  be  seen  us  a  scries  of  battle¬ 
ships  fijrming  a  iloiilia  acrt»ss  the  hike,  Figure  l9-2c  shows  the  same  10 
corner  reflectors  laid  out  to  form  an  Island  In  the  middle  of  the  lake. 


19-17 


TARGET  MASKING  AND  MODIFICATION 


Fioum:  19-2  Corner  Keni'Ctori  on  Onei^ia  Luke,  N.  Y. 

(i)  Peniniiulii  formed  with  corner  reflectors 
(b)  Surfure  wind  effect  k  (c)  Ktiind  formed  w!t!i  corner  reflect  or* 
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Figure  19-3  (a,  b,  and  c)  was  taken  in  the  region  of  Holloman  AFB> 
New  Mexico.  Figure  l9-3a  ahow#  the  effect  of  16  reflectors  pla:.ed  to  pro¬ 
duce  a  duplicate  of  Holloman  AFH  and  a  comparison  of  It  with  Holloman 
and  Alamogonlo.  Figure  !9-3b  nhiws  the  effect  of  20  reflectors  set  up  to 
dupllciite  Hitlloman  AFIi  together  with  the  radar  return  from  Holloman 
itself.  Figure  19-3c  show.s  the  same  situation  at  closer  range. 

Figure  19-4  (a,  b,  c,  and  d)  was  taken  at  Kglln  AFH,  Florida.  The  re¬ 
flector  coni|)iex,  which  faced  north,  consisted  of  thirteen  4  foot  square,  seven¬ 
teen  6  foot  s<|uarc,  seventeen  6  foot  triangular,  and  twenty-one  8  foot  trian¬ 
gular  corners,  each  having  a  lilt  angle  of  28  degrees,  Figure  !9-4a  shows  the 
reflectors  and  the  Fglln  main  complex  at  a  distance  of  174  miles  at  180  and 
185  degrees  respectively.  Figure  l9-4b  shows  the  reflectora  at  94  miles  and 
Fglln  at  97  miles,  at  176  and  184  degrees  respecrvely.  In  Figure  l9-4c, 
the  reflectors  are  at  a  distance  of  39  miles  and  a  bearing  o  174  degrees, 
with  the  Fglln  main  complex  at  42  miles  and  190  degires.  I’hc  flnal  pic¬ 
ture,  Figure  l9-4d  shows  the  reflectors  at  14  miles  and  165  degrees,  and 
Fglln  at  17  miles  and  205  degrees. 
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(k)  lU'dri'toriip  174  milck,  IKO  doKrecji;  Kulln  mnin  hake,  174  miles,  S!i5  rlearcck 


(h)  Kclh't lur)»,  mlle^,  i7ft  (tiM.rti''.  K^lin  main  iiaoe,  07  mItrK.  1M4 
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(c)  Reflectori,  39  mllci,  174  degrm;  Eglin  miln  b«ftc,  42  mllcit,  190  dci^reeii 


(d)  Kcflcrtorj*,  14  mllcji,  165  di'Krteii;  Fiilln  mulr.  Imiw,  17  mlU»,  205  tlt'Kriei* 
I ‘>'4  Ht’lli'Clor  Complex,  K^lln  AFH.  Florida 
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20tl  lutrofluclioti 

One  of  the  mo*t  effective  counter  mewures  against  enemy  radar  def  me 
systems  is  the  technique  of  presen  ‘"K  '"emy  with  a  large  nunber 
of  targelH  which  a^mpletcly  saturate  defense  system,  When  the  defense 
Is  saturated,  the  survival  probabilit>  attacking  force  increases  u*ry 

rapidly.  A  promising  countermcasi  which  achieves  this  goal  is  t..e 

radar  decoy.  The  premise  is  that  i  ^  defending  radars  are  unab  to 
dSlIngulsh  between  lethal  vehicles  decoys  then  Interceptors  and 

mssslles  must  be  committed  to  both  hreats,  thereby  diluting  and  satur  ting 
(he  defense  (References  1  and  2). 

In  this  chapter,  we  first  consider  l^osslhle  models  of  the  enemy  cl*  .ro- 
magnctic  defense  environment;  cai  warning,  ground-controlled  iter- 

ce[sllon  (CK'I),  ami  missile  control  i  ^‘dars  (References  3,  4,  5,  6,  anti  7). 
We  then  examine  the  techniques  v/hich  the  enemy  may  employ  It  dls- 
tinguLsh  between  bombers,  am!  dec/y«*  simplest  techniques  are  nmdi- 
fications  of  existing  radar  e([uipnu»*^^‘  <?xample,  In  order  to  determine 

the  relative  size  of  targets  It  is  f  l>o«i»ihle  U)  use  the  lireak-in  rang!  and 
suhsecpient  information  on  asprf^^  angle  to  dlsiuiguish  betweeri  large 
and  small  targets.  More  sopliisti(|«l«*<*  counter  technl(|ues  rec|ulre  elal  orate 
modifications,  and,  in  some  **^‘<**‘r  systems.  For  exam  *le,  a 

defense  might  em|jloy  the  polar statistical  properties  jf  the 
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echo^  .simultaneinis  comparison  of  echoes  at  different  frequencies,  and 
bistatic  radars  to  identify  the  targets.  Another  possible  tcchnicpie  Is  the 
distinctive  inirured  radiation  of  the  different  vehicles.  Thus  a  study  of 
possible  techniques  for  identification  Is  u  necessary  preliminary  to  (he 
study  of  the  simulation  techniques. 

Having  examined  techniques  for  discriminating  between  vehicles,  we 
next  consider  the  application  of  pa.sslve  devices  to  simulate  (he  echo  of 
the  bomber.  An  examination  of  the  simulation  rertuirements  indicates 
that  corner  rellectors  arc  capable  of  simulating  the  bombers  for  mo.st 
angles  at  miLtowave  frequencies,  At  the  broadside  angle,  the  target  echoes 
are  veiy  large,  and  the  simulation  Is  more  difficult.  Since  the  simulation 
of  broadside  echoes  places  a  severe  weight  and  aixe  penalty  upon  decoy 
ecjulpment,  wc  discuss,  In  detail,  the  problems  involvetl  in  employing  the 
large  broadside  echo  for  identification. 

For  frequencies  below  about  1,000  me,  the  corner  reflectors  become 
too  large  to  be  carried  on  the  vehicle.  In  this  region,  50-1000  me,  It  Is 
necessary  to  employ  electronic  means  to  simulate  the  bomber. 

'Phe  most  useful  active  system  for  simulation  is  the  straight  through 
repeater.  This  device  receives,  mplifies  and  transmits  an  enhanced  signal 
without  altering  any  of  the  r^f  charactcristic.s.  Unforiunalely,  the  straight 
through  repeater,  under  certain  conditions  at  low  frequencies,  will  u.scillute. 
For  those  frccjuency  bands  where  the  straight  through  repeater  fails,  a 
gated  repeater  can  be  u.sed. 

'rranspoiulers  are  also  considered  for  this  application.  The  swe])t  oscillator 
transponder,  usually  considered  for  false  target  generation,  is  analysed  to 
determine  how  well  it  would  function  for  simulation.  Another  device,  the 
pulse  barrage  transponder,  which  employs  u  wideband  noise  source  to 
produce  target  echoes,  is  analy^eed  and  \|)erimcntal  results  are  porsented. 

'I’he  active  devices  considered  in  Ihl.s  chapter  differ,  somewhat  from 
re|)eaters  in  C'hapters  I.S  and  19.  .Since  the  problem  is  (<*  place  .sufficient 
energy  in  the  main  beam  of  (he  radar  to  .simulate  the  boml>er,  relatively 
little  power  i.s  required  for  effective  deception.  C'onsequently,  technhpies 
which  may  he  feasible  for  dectiys  may  not  be  u.scful  for  generating  false 
targets  and  Jamming. 

I'’inal!y,  we  examine  some  of  the  probiem.s  encountered  In  designing 
e(}iiipmeiU  for  simulating  infritred  radiation. 

20.2  OhuraeterlstieN  of  Deeoy  Mlswlies 

before  di.se u.ssing  (he  defen.se  environment  in  detail,  It  helpful  to  note 
the  significant  features  of  a  pos.sible  dectiy.  Tentative  characteristics  of  a 
limg  range  decoy  are  given  below; 
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4000-5500  nautical  miles 
Mach  0.8-0.9 
24  feel 
33  feet 
7500  [xninds 
500  pounds 
40,000*50,000  fret 

Autopilot  stabilization  system  usin^  low  drift  rate, 
InteKrating  rate  Kyro  for  directional  control  with  pro¬ 
visions  for  pretliaht  proaramming  of  turns  in  either 
direction. 

A  drawing  of  the  decoy  is  shown  In  Figure  20-1.  The  forward  section  of  the 
vehicle  contains  an  array  of  corner  retlectiirs  for  microwave  simulation. 
Additional  simuiation  for  the  broadside  angles  Is  provided  by  metal  sheets 
Imbedded  in  the  plastic  rudder.  'I'hc  payloaci  Is  contained  In  wing  .sections 
close  to  the  fuselage.  The  guidance  cquipntent  is  located  in  the  nose  of  the 
vehicle.  Glass  Aber  construction  is  used  for  the  wings,  the  forward  .section 
containing  the  reflectors,  and  the  rudder. 


Range; 

Speed: 

Wing  Span; 
Over-all  Length: 
Gross  V/elght: 
Payload; 
Altitude; 
Guidance: 


Kioukk  20-1  DrNwitiK  of  «  lonir  rnnRc  decoy 

The  |)tirpose  of  the  long  range  decoy  Is  to  .saturate  the  Interceptor  and 
long  range  missile  defenses  along  the  attack  corridor.  A  short  range  decoy 
can  be  used  to  saturate  the  Inner  defenses  or  short  range,  high  ft  ring  rate, 
missile  sites.  Several  can  be  launched  from  u  bomber,  it  has  been  estimated 
(Reference  1)  that  three  to  five  misstles  per  bomber  arc  re(|uire«l  ftir  ade¬ 
quate  dilution  of  enemy  interceptor.^  along  the  attack  corridor. 

The  long  range  decoys  cun  be  employed  In  a  number  of  ways.  For  ex¬ 
ample,  they  cm  be  sent  out  In  advance  of  the  main  bomber  fleet.  'Fhis  lactic 
farces  the  defense  to  commit  a  portion  of  the  fighters  to  intercepting  the 
decoys,  thereby  reducing  the  force  available  for  use  against  the  initin  bomber 
fleet.  Another  possibility  is  to  use  the  decoys  for  feint  raids  to  draw  off 
interceptors  from  the  attack  corridor.  Decoys  may  also  be  employed  for 
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Ht*cdln;<  the  corridor  with  chaff.  Finally,  the  decoy«  enn  be  used  to  harass 
the  defense  by  periodic  flahls  independent  of  planned  raids.  In  this  manner, 
the  defense  will  dissipate  some  of  its  potential  In  destroying  the  decoy  air¬ 
craft. 


20.3  DfffeniK*  3>Ueriinlti«tlon  (lapahililier 

rhe  simubition  requirements  of  the  decoy  are  strongly  dependent  upon 
techniques  for  discriminating  between  bombers,  decoys  and  other  long  range 
air  breathing  missiles.  There  are  many  possible  ways  for  the  defense  to 
discriminate  between  bombers  and  decoys,  and  it  is  the  purpose  of  this  sec¬ 
tion  to  perform  a  preliminary  evaluation  of  discrimination  methods.  In  Ihl.s 
way,  emphu.sis  can  be  placed  on  simulation  techniques  which  would  be  u.scful 
against  expected  defen.se  dLscrimination  methods, 

I'o  aid  the  evaluation  of  different  counter  techniques,  four  assumptions  will 
be  made. 

4.  The  decoy  Is  equip|>cd  with  corner  reflectors  to  lncrea.se  the  echo  at 
microwave  fre(|uencles  and  carries  repeaters  to  simulate  the  bomber  echo  at 
low  frequencies. 

2.  The  enemy  will  rely  primarily  on  pulse  radars  In  the  early  warning  and 
(K*I  otarration. 

.t.  I'he  aerodynamic  performance  of  bombers  and  decoys  will  be  suffi¬ 
ciently  alike  so  that  no  identification  between  the  two  could  be  made  by 
means  of  air  speed,  altitude,  or  heading  information. 

4.  Discrimination  between  bombers  and  decoys  by  airborne  devices  will 
be  of  limited  Importance. 

Target  di.scrimination  can  be  accomplished  by  both  active  and  passive 
methods.  The  pa.ssive  methods  include  Infrared  detection  and  the  intercep¬ 
tion  of  aircraft  electromagnetic  radiation.  The  active  methods  Involve  modi- 
llcathms  of  nidar  systems. 

An  infrared  (IR)  detector  cun  be  employed  fur  target  discrimination  by 
dettH:ting  differences  in  the  strength  of  the  radiation  received  from  different 
targets.  The  IR  power  will  vary  with  the  range  and  the  asjHXt  or  viewing 
angle  of  the  target  and  this  information  must  t}c  avallablt  lor  anaiy««is.  The 
principal  di.sadvantage  of  ground  ba.sed  IR  equipment  is  (he  limited  range 
resulting  from  utmosphrrlc  nttenuaticn.  Another  serious  dl.sadvuntage  is 
the  requirement  of  clear  skies. 

A  more  promising  technique  is  to  sen.se  the  electromagnetic  radiations 
which  are  normally  emitted  by  the  Iximber.  In  general,  the  bomber  will 
emitting  radlation.s  which  the  decoys  will  not.  Bombers  will  have  active 
electronic  e(|uipment;  navigation  and  bombing  radars,  and  Jammers,  With 
regard  to  the  former,  the  effectiveness  of  the  passive  detectors  dctiends  on 
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the  duty  ratio  of  the  radars  and  prior  information  concerning  the  frequency 
of  transmission.  It  appears  feasible  to  reduce  the  duty  ratio,  with  the  use 
of  storage  tube  techniques,  to  a  value  sufficiently  small  that  the  probability 
of  detection  would  be  too  low  to  be  useful.  With  regard  to  jammers,  It 
would  be  necessary  to  mount  jammers  on  some  of  the  decoys.  In  fact, 
decoys  have  been  considered  % )  a  utility  vehicle  for  jammers  in  raids  where 
mutual  protection  is  feasible. 

The  most  useful  technique  for  passive  discrimination  relies  on  the  dis- 
tinctive  signals  which  the  decoy  must  radiate  for  low  frequency  simulation 
(50-1000  me).  It  will  be  shown  that  the  simulation  in  the  50  1000  me 
region  must  be  carried  out  by  active  means.  PreMntly  most  of  the  proposed 
simulation  schemes  involve  some  form  of  time  sharing  repeater.  These  sig¬ 
nals  appear  as  a  normal  return  on  tn  ordinary  radar  display.  With  cpeclhl 
equipment,  the  time  sharing  characteristics  can  be  sensed  and  the  decoys 
IdcntlHed.  However,  time  sharing  repeaters  can  also  be  mounted  on  the 
bombers  and  the  Identification  process  becomes  much  more  difficult. 

In  general,  there  Is  no  high  conAdence  technique  for  discriminating  l>e- 
tween  bombers  and  decoys  by  passive  means. 

Discriminating  between  bombers  and  decoys  by  active  detection  refers 
to  a  detailed  examination  of  the  characteristics  of  the  radar  echoes  from 
both  vehicles.  At  present,  the  trend  in  radar  design  is  to  suppress  detailed 
information  contained  In  the  received  pulses.  It  may  be  possible  to  dis¬ 
tinguish  between  the  ^wo  vehicles  on  the  basis  of  differences  in  the  average 
amplitude  of  the  echoes.  Without  simulation  equipment,  the  larger  aircraft 
present  a  larger  average  radar  cross  section.  This  difference  appears  as  a 
difference  in  breaa-ln  range  In  present  radars.  With  simulation  equipment, 
the  differences  In  average  amplitude  are  obscured  by  the  noise  in  the  radar 
and  the  amplitude  noise  of  the  return.  In  addition  there  are  variations  in 
echo  {)ower  caused  by  changes  in  aspect  angle.  For  most  as|)ect  angles  a 
small  number  of  corner  reflectors  can  simulate  the  target  echoes.  At  the 
broadside  angles,  the  echo  of  the  bomber  is  so  large  that  the  broadside  echo 
cannot  be  simulated  by  this  configuration.  It  will  he  shown,  that  as  the 
vehicles  pass  through  the  defense  network,  the  bomber  presents  a  broad¬ 
side  a.Hpcct  for  a  considerable  iwrtion  of  the  flight.  C'onsequently,  it  may  be 
|H>ssible  to  u.He  the  large  broadside  echo  as  u  basis  for  discriminailon.  Tech¬ 
niques  for  simulating  the  broadside  echo  will  be  di.scu.ssed  In  a  Inter  .section. 

For  other  as[)ect  angles,  the  decoy  could  appear  larger  than  the  bomber. 
!n  generai,  considerable  a  priori  knowledge  !.h  retpilred  about  die  averiige 
cross  section  as  n  function  of  aspect  angle.  A  further  requirement  is  knowl¬ 
edge  of  the  as))ect  angle  which  can  only  be  obtained  from  the  track  of  the 
vehicle  and  a.isumption.H  on  the  crab  angle. 
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Another  possible  techriic|iie  is  to  identify  on  the  basis  of  the  fluctuations 
In  th('  target  luho.  I'hc  difference  in  the  number  of  scnttercrs  may  nt>)>car 
as  a  difference  In  the  11  net  nations  of  the  target  returns.  There  are  a  small 
number  of  sciitterers  on  the  decoy  In  ccm|iarlson  with  the  assumed  Inrjje 
tuiml)er  on  the  bomber. 

If  the  decoys  are  efjuipped  with  simple  corner  reilcctijrs,  circulady  pola- 
rl/.e*l  radiirs  are  capable  of  disci  lminatin«  between  the  vehicles.  The  echo 
of  a  simple  corner  rellector  is  circularly  polarized  in  a  cllrection  opposite 
to  that  of  a  normal  taraet  echo.  This  discrimination  is  obtained  at  a  loss  of 
,1  db  in  the  effective  radiate<l  power.  Technijjues  exi.sl  for  “spoiling’*  the 
corner  rellector  to  rellect  both  polarizations, 

Another  pcwsihle  discrimination  method  is  based  on  the  variallun  of  radar 
cross  section  with  frecpiency.  As  the  radar  fre<|uency  Is  varied,  the  average 
sciitten'ng  crosM  section  at  a  specific  aspect  angle  will  vary,  lliis  technique 
woidd  emjdoy  fre<juencies  which  are  close  to  some  resonant  length  of  both 
vehicles,  'i'hus,  the  returns  at  two  different  freriucncles  can  be  compared  to 
determine  the  relative  size  of  the  vehicles. 

In  conclusion,  the  most  likely  methods  for  target  identllkution  cun  be 
listed  in  order  of  lelative  importance.  'I'hi*  order  represents  a  consideration 
of  both  the  confidence  placed  in  the  Identiilcatlon  technique  and  the  extent 
of  the  modification  of  the  radar  defen.ses.  Tor  example,  pas.slvc  detection  of 
active  simulation  e(|uipment  can  be  ea.slly  countered  by  placing  simulators 
on  tlie  liombers. 

1.  Detection  ami  analysis  of  uni(|uc  low  frequency  .simulated  echoes. 

2.  Aiuilysls  of  the  pi>lari/.ation  response  of  both  vehicles. 

.1.  Detection  of  Jammer  radiations  from  the  bomber. 

4.  Determination  of  the  average  echo  amplitude  as  a  function  of  aspect 
angle. 

,1.  Examination  of  differences  in  the  statistics  of  target  echoes. 

6.  Analysis  of  Infrared  radiations  by  airborne  detectors. 

7.  Examination  of  the  r-f  frecpiency  dependence  of  the  target  echoes. 

Similarly  an  order  t>f  importance  can  )h«  established  for  the  simulation 

devices  U)  be  carried  liy  the  dectiy.  'Phe  order  Is  liased  on  consideration  of 
the  probable  counter  technique  and  the  v/eigh<  ami  si/e  penalties  impo.sed 
on  the  dec«)y.  For  example,  consider  the  problem  of  simulating  the  large 
broadside  echo,  it  will  be  .stu'wn  that  the  use  of  the  broadside  echo  requires 
.signlftcant  modifications  of  the  enemy  defense  .system.  In  addition,  the  si/e 
penalty  oe.  the  dect)y  imposed  by  large  corner  relleclors  is  a  major  modifica¬ 
tion  of  the  decoy,  'riuis,  tiu*  simubaiim  (d  broadside  echoe.s  rules  fairly  low 
on  the  list. 
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1.  Simuliition  of  the  average  radar  croM  ^^cction  of  the  bomber  exclvidinj;? 
the  broadside  angles 

2.  Simulation  of  the  polarization  response  of  the  bomber 

3.  Simulation  of  jammers 

4.  Simulation  of  infrared  radiation 

5.  Simulation  of  broadside  echoes 

20.4  pMislve  Simulation  of  the  Railar  Crosa  Bectlon 

The  most  important  problem  in  simulation  is  to  increase  the  scattering 
cross  section  of  the  decoy  to  approximate  the  scattering  cross  section  of  the 
bomber.  Passive  techniques  for  accomplishing  this  are  considered  in  this 
section.  We  first  discuss  the  application  of  tuned  elements  Oi  ..e  decry 
fuselage  for  low  frequency  simulation  in  the  50-1000  me  range.  Then  .. . 
examine  the  applicolion  of  corner  reflectors  to  the  high  frequency  range, 
1000-10,000  me.  In  both  cases,  the  study  is  limited  to  the  forward  and  rear 
as|)ccts.  The  very  high  back  scattering  cross  section  observed  at  the  broad¬ 
side  as{)ect  of  the  bomber  Is  discussed  as  u  separate  topic.  Finally,  we  di.s- 
CU.SS  the  application  of  chaff  to  the  decoy  problem, 

For  a  low  frequency  simulation,  a  po.ssibie  lechnique  Is  to  resonate  a  part 
of  the  fuselage  by  electrically  Isolating  a  large  section  and  using  lumped 
tuning  elements.  For  the  analysis,  the  scattering  cross  section  is  approxi¬ 
mated  by  a  tuned  wire  antenna.  The  basic  idea  is  that  the  scattering  from 
a  resonant  clement  is  much  greater  than  that  from  a  nonresonant  element. 
The  procedure  is  to  compare  the  maximum  scattering  from  an  idealized 
tuned  element  with  the  scattering  cross  section  of  the  bomber.  Available 
cx|)crl mental  data,  gathered  by  model  range  techniques,  yield  values  of 


Tahi.k  20-1.  Scattering  Cross  Section  of  the  B-47,  H-32  Aircraft  at  Low 
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8 

20-8 


KLKCTRONIC  COUNTKRMKASURKS 


Mcutterln^  cru.sn  section  us  a  functiun  of  as|>ect  angle  for  the  B-47  at  a  ain^iU 
luted  frequency  of  73  me  (Reference  8).  Theoretical  values  have  also  been 
computed  for  a  nearby  frequency  (Reference  9).  Table  20-1  shows  the 
extreme  values  of  experimental  and  theoretical  cross  section  tr  for  horizontal 
polarization  as  observed  in  10-degree  intervals  meuured  from  the  nose  of  the 
aircraft. 

The  broadside  and  maximum  scattering  from  rellecting  wires  is  shown  in 
Table  20-11  us  a  function  of  the  length  of  the  wire  In  wavelengths  (Reference 
10). 

Taulk  20-11,  Scattering  Ooss  Section  of  Wires 


i/\ 

Anglo  of 

Wire  Lensth 

Hri)ti<i»lUe 

Maximum 

Mxxlmum 

0.50 

0.99 

0.99 

0* 

1.25 

0.09 

0.13 

1.50 

0.S7 

1.70 

45* 

2.00 

0.S9 

2.80 

:1-5S* 

2.50 

1.53 

.1.00 

1.54 

.1.50 

3,80 

4.00 

3.07 

Although  these  computatluns  have  been  carried  out  for  a  length  to  dia¬ 
meter  ratio  of  900,  they  yield  order  of  magnitude  results  which  arc  applicable 
to  the  present  case.  For  a  hnlf-waveiength  dj[>oie,  which  is  the  longest  dimen- 
sitm  of  the  decoy  at  70  me,  the  scattering  cros.s  section  is  about  18  square 
meters.  A  possible  arrangement  would  be  to  locate  the  wire  along  the  edges 
of  the  delta  wing,  'I'his  arrangement  produces  a  horizontally  polarized 
response  which  is  comparable  to  the  values  shown  for  the  aircraft  In  the 
forward  d)r^^  As  tli^  azimuth  angle  is  increased,  the  scattering  from  the 
<lipoIe  detT‘\:..es  while  the  bomber  scattering  Increases.  Thus,  the  simulation 
is  effective  oidy  over  a  restricted  angle  ahead  of  the  decoy.  As  the  frequency 
increa.ses,  the  (lect>y  elements  are  longer,  In  wavelengths,  and  the  scattering 
<ic  reuses.  For  example,  from  'ruble  20-il,  it  is  .seen  that  the  scutJering  from  a 
wire  a(ijusted  midway  lieiweeo  the  Ibst  and  second  resonance,  //a=:I.2.S,  Is 
a! unit  ten  decibels  less  than  the  maximum  of  the  half  wavelength  dipole.  The 
clesign  procedure  would  be  to  adJu.Ht  the  lesonani  element  for  best  jwrform- 
ance  at  the  most  impeutant  fretpiency  at  the  low  end  of  the  frequency  l)and 
and  accept  the  [xjorer  response  jit  the  high  end  of  the  bund. 

Another  possibility  is  the  use  of  trailing  wire.s  In  order  to  enhance  the 
broadside  return.  Referring  to  'ruble  20-1,  it  is  seen  that  the  broadside  cross 
.sectiott  of  the  wire  Is  orders  of  magnitude  belt)w  the  l)r()ad.side  scattering  of 
the  b(Mt)ber. 


DKCOVS 


20-9 


In  conclusion,  effective  simulalion  by  jm.ilve  means  at  lower  frequencies 
is  limited  by  the  basic  fact  that  a  scatierlnK  linear  element  cannot  be  made 
to  appear  arbitrarily  larger  than  It  actually  is.  Subject  to  the  forcaoina  re¬ 
strictions,  it  may  be  possible  to  make  use  of  these  techniques  within  a  for¬ 
ward  or  rear  sector  of  about  ±  60  degrees.  I’he  enhanced  scattering  cr(?ss 
section  is  primarily  horizontal  and  therefore  subject  to  a  relatively  simple 
counter  technique,  in  addition,  the  scattering  exhibits  an  unde**  ul  fre¬ 
quency  dependence. 

At  ..-gher  fren  •  .-^les,  1-10  kmc,  the  scattering  cross  section  ol  the  bombers 
Is  on  the  orde  to  100  square  meters  (Reference  9).  The  dimensions  of 

the  decoys  have  oeen  cho.sen  to  accommodate  corner  reflectors  which  will 
produce  adequate  target  echoes  in  this  range. 

C'urner  reflectors  consist  of  three 
mutually  pcr|)end!cular  conducting 


planes,  Figure  20-2.  The  commonly 
used  reflectors  have  circular  or  trian¬ 
gular  sides.  Another  type  of  radar 
refllector  that  may  be  used  is  the 
Luneberg  reflector  (Reference  1 1 
and  12). 

In  order  to  specify  a  corner  reflec¬ 
tor  fur  the  decoy  simulatbn  problem 


20-2  Corner  rvflectom 


it  Is  necessary  to  have  the  following 
information. 


1.  The  relationship  t>ctwcrn  the  buck  scattering  cross  section  an<l  the 
dimensions  of  the  reflector 

2.  'rhe  angular  dependence  of  the  back  scattering  crons  section  for  different 
types  of  '.'eflc?ctors 

3.  The  response  of  the  reflector  to  the  polarization  <  >  incident  field 

4.  The  iluciuaiion  in  the  reflected  Held 

5.  1  he  relationship  between  back  scattering  cross  section  and  frequency 
The  analysis  of  corner  reflectors  is  based  upon  geometric  optics  (Referen¬ 
ces  1,  13,  14.  and  15). 

For  the  case  of  a  .symmetrical  triangular  corner  reflector,  the  maximum 
back  scattering  cross  section  is  given  by 

=  4ir/V3A«  (20-1) 

where  Maximum  hack  scattering  cross  section;  the  scattering  cross 

section  for  an  Incident  ray  making  equal  angles  with  the  In¬ 
tersections  of  the  planes  forming  the  reflector 
I  ttz  I.engih  of  a  side 
A  «=  Wavelength  of  radiation. 
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'Fhc  currc.spondinK  relationship  for  a  corner  rcHector  with  square  sides  Is 

==  \2wlW  (20-2) 

Ft)r  a  corner  reflector  with  sides  of  circular  segments,  the  scattering  Is  given 
by  (Reference  15) 


=  1S.59/VA"  (20-3) 

'I'he  Hcatterlng  cr<)SH  section  of  the  circular  reflector  lies  between  the  responses 
of  the  triangular  and  s(|uare  reflectors,  The  choice  of  corner  reflector  depends 
upon  the  geometry  of  the  vehicle,  the  required  scattering  cross  section,  and 
the  angular  de|>endence  of  the  echo.  For  example,  although  the  square  corner 
reflector  yields  nine  limes  the  scattering  of  the  triangular  corner  reflector,  the 
hM)e  width  of  the  square  reflector  Is  narrower  than  that  of  the  triangular  re¬ 
flector. 

'I'he  back  scattering  equations  arc  based  upon  the  assumption  that  the 
corner  reflector  cun  be  repreHented  by  an  equivalent  uniformly  Illuminated 
aperture.  This  idea  Is  valid  when  //A  is  much  greater  than  unity.  When  the 
(iimenslons  of  the  corner  approach  a  wavelength,  the  scattering  is  no  longer 
a  monotonic  function  but  exhibits  variations  in  scattering  cross  section  about 
some  average  value. 

'I'he  Luneberg  reflector  has  also  been  suggested  for  this  application  (Re¬ 
ference  12).  'I'hls  device  consists  of  a  plastic  sphere  with  variable  index  of 
refraction,  coated  over  a  hemisphere  with  reflecting  materia!.  The  incident 
rays  focus  on  .the  refleciing  surface  and  exit  the  reflector  in  the  same  direc¬ 
tion.  The  maximum  scattering  cross  section  is  given  by 

=r  (20-4) 

where  /  Is  the  radius  of  the  sphere.  Although  the  lobe  width  of  the  Luneberg 
reflector  is  significantly  greater  than  the  circular  corner,  it  (XTCUpies  Pk)  much 
volume  and  is  not  usable  for  storing  fuel  during  the  early  portions  of  the 
flight.  In  view  of  this,  the  Luneberg  reflector  is  unsuitable  for  this  applica¬ 
tion. 

The  angular  depetuience  of  the  back  .scattering  Is  calculated  from  the 
'lobe  width”  of  the  reflector.  'Lhe  lobe  width  is  defined  as  follows:  ('onsider 
a  corner  reflector  illuminat'd  !‘y  a  monoslat Ic  radar  Along  the  symmetrical 
axis,  the  measured  cro.ss  section  is  a  maximum.  Rotate  the  reflector  until 
the  cross  .section  Is  one -half  the  maximutn  value.  Iwice  the  :ingle  of  rotation 
is  defined  as  the  lobe  width  of  the  refleepir. 

For  a  triangular  corner,  the  lo!)e  width  can  be  calculated  from  (Reference 
13) 
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=  (1-0.00076  for  (20-S) 

For  a  square  corner,  the  cerrespondins  equation  is 

ir/fr„„„  =:  (1-0.0274  ❖)“  ^r  <!>  .10  (20-6) 

A  Kraph  of  as  a  function  of  <1»  l.s  shown  In  Figure  20-3,  The  circular 

corner  reflector  exhibits  an  angular 
dependence  somewhere  between  these 
two  extremes.  For  the  triangular  cor¬ 
ner  the  lobe  width  Is  42  degree.^ 
whercaa  the  square  corner  lobe  width 
is  20  degrees. 

I'he  polariaeation  of  the  reHected 
Held  Is  determined  from  the  iamndary 
conditions  of  n  |)crfect  conductor.  For 
the  case  of  triple  reilection,  the 
polar izution  response  of  the  corner  is 
the  same  as  the  response  of  a  flat 
conducting  sheet.  Since  the  response  of 
the  corner  reilector  to  circular  polar¬ 
ization  Is  well  defined  in  contrast  to 
the  scattering  from  the  bomber,  a 
proper  choice  of  radar  receiver  polar ^ 
izution  will  eliminate  the  decoy  echo. 
A  possible  way  to  increase  the  cr(»SM 
Kiousk  20-.t  ScAttcrina  crow  iwctlon  ver-  |>(;|nrizcd  com[>onenl  l.i  to  replace  a 
.u.  clcviMlon  from  .ymmet,lci.l  «xl. 

(Reference  1).  Another  possibility  is  to  replace  a  wall  of  the  reilector  wIili 
a  dielectric  sheet  (Reference  7).  ^iince  there  i.s  no  phase  reversal  from  the 
air-dielectric  Interface,  the  rtceived  polarization  will  not  exhibit  a  reversal 
of  the  sense  of  polarization  of  the  circularly  polarized  wave. 

A  single  corner  reflector  exhibits  very  little  lluctuatlon  owing  to  the  broad, 
smooth  rcnecting  charactcri.^tics.  However,  lluctuatlon  may  be  Introduced  In 
a  number  of  ways.  The  most  promising  is  m  uillize  the  effects  td  a  number 
of  corner  reilectors  mounted  on  the  vehicle.  For  10  reilector?.  .spaced  3  feet 
apart  and  operating  at  S-band,  the  total  angular  width  between  the  first 
zeros  on  each  side  of  the  ))rincl{)al  maximum  is  0.16  degrees.  This  fine  struc¬ 
ture  combined  with  the  expected  small  random  motion  of  the  vehicle  may 
produce  an  ob.served  lluctuatlon  comparable  to  the  laanber  iluctuation. 

1'he  fre(juency  dependence  of  the  scattering  tros.s  section  can  be  ileter- 
mined  from  inspection  of  Ec)  (20- 1)  and  (20-2).  The  response  of  the  re 
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ftccior  varlcji  an  the  square  of  the  frequency.  Thun,  the  rc.Hponsc  at  X-band 
will  be  nine  times  the  response  at  S-bnnd.  The  difference  could  be  employed 
as  a  busi.H  for  discrlmlnatlnK  between  the  vehicles.  A  promising  way  to  “flat¬ 
ten”  the  respuose  of  the  corner  reflector  is  to  introduce  error*  into  the  angles 
of  the  corners  which  compensates  for  the  rising  frequency  churaclcristic 
(Reference  13).  If  the  angles  differ  from  90  degrees,  the  response  of  the 
corner  reflector  is  reduced.  Let  AA  represent  the  error  in  wavelengths  of  each 
edge  of  the  corner  reflector.  The  reduction  in  scattering  cross  section  is  shown 
in  Table  20-111. 

Taulk  20411.  Scaitcring  Cross  Section  as  a  Function  of  Error  Angle 


Decibel  Reduction 

1  iih 

J  (it) 

10  lift 

Squaro  Corner 

A 

0.t4\ 

o.:4\ 

0.44A 

Triiinaular  Corner 

A  r= 

0/d0\ 

0.3  5  X 

0.6^'A 

Thus  as  K  is  decreased,  the  error  in  wavelengths  is  Increased,  and  the 

response  is  drcrea.scd.  This  result 
Is  shown  in  Figure  20-4  for  two 
error  angles.  The  curve  with  the 
3-dcgree  error  was  plotted  by 
ch(K)s!ng  a  1-db  reduction  at  2,000 
me.  The  1.9-dcgrce  error  curve  was 
plotted  by  chrmsing  a  10-db  reduc¬ 
tion  at  10,000  me. 

20.5  Broadaide  Kchoea 
The  foregoing  discussion  excluded 
the  large  brmtd  side  echoes.  It  has 
been  suggested  that  a  possible  way 
of  distinguishing  between  decoys 
h'uA  Ht.  JO-4  HnmdlmnU  rt‘SK>n^i’  veutut  and  bombers  Is  on  the  ba.sis  of  their 
ifctiuincy  echoes. 

information  on  the  broadside  returns  id  11-47  aircraft  (References  8  and 
9)  indicate  maximum  cross-sections  from  *,5  X  10**  ti>  3  X  10*'  .square 
meters.  'I'he  lobe  width,  Ayt  is  arbitrarily  deflned  as  the  angle  ovi'r  which 
the  scattering  exceeds  1  X  10‘‘  .square  meters.  The  average  lobe  width  (Re¬ 
ference  9)  Is  on  the  order  of  10  degrees. 

To  obtain  an  estimate  of  the  importance  of  ol}servation  by  the  defettse  of 
the  broadside  aspects  the  following  assumptiiuis  are  mad*j. 

1.  The  aircraft  and  radars  are  in  the  .same  plane. 

2.  'I'he  radars  are  arranged  in  an  infinite  rectangular  lattice  wit!i  spacing 
.S’u  between  ailjacent  radars. 


1)1X0  vs 


u 


3.  The  Aircraft  are  flying  a  sti night  lin«  path  chojtcn  at  random  ih rough 


the  radar  network. 


The  gooniclry  of  the  problem  i« 
Mhown  in  Figure  20*5.  Aa  Ihc  air¬ 
craft  IlicM  through  the  lattice,  the 
+  broadside  lobe  "covers”  different  radar 
Mte».  When  the  radar  In  within  the 
lobe,  the  ilrcraft  viewed  at  the 
broa<i  ide  angle.  The  time  of  observu- 
'V  lion  of  broadside  aspects  is  pro[)or- 
llonal  to  the  lengths  of  lines  con¬ 
tained  within  the  lobes  after  the  air¬ 
craft  have  traversed  a  number  of 
radars.  For  example,  //ai  /-'n.  and 
//i,,  are  proportional  to  the  observa- 
l-uM'Rr.  20-5  (ifonu'try  of  brotiibldc  echo  broadside  angle  by 

lhcmhr»A,H,C,I). 

The  total  time  of  ob.servatlon  of  all  as|)cc'tH  is  proportional  to  /.,(  I  A/i  t- 
Lr  I  Lih  The  fraction  of  the  flight  time  in  going  from  to  P  N 


Fractional  Time  of  Observation  =  —  (20-6) 

La  -r^w  T-i-o  i 

For  a  snmll  number  of  radars,  this  ratio  depends  u|)on  the  choice  of  flight 
path.  A  solution  can  be  found  for  an  Infinite  number  of  radars  by  mapping 
the  entire  lattice  and  lines  Into  an  elementary  square,  AHC!)  (Reference  2, 
Part  !I). 

The  broud.sldr  Usbes  arc  mapped  onto  the  radar  sites  at  the  corners  td  the 
square,  Figure  20-o.  The  conclusion  drawn  from  the  analysis  Is  given  by 

Area  of  Lobes  lnsld^(|uare  ^20  7) 
Area  of  Square 

A.h  the  slo[>c  of  the  flight  path  l.s 
changed,  the  lobes  rotate  about  the 
cornets  of  the  square,  but  the  total 
iolw  area  contained  within  the  .square 
is  constant.  The  lobe  Is  a.vsutned  to  be 
a  sector  of  a  circle  of  radiuji  A*  and 
angular  widthAy.  With  lhe.se  simi»li- 
fylng  assum|)tions,  the  fractional  time 
of  observation  Is  given  by 


Fractional  'Mme  of  Observali 


Fatesr  h  nriitoUhh*  cihi)  un'4l>)it> 
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Fructionti  Time  of  Observation  = 


(20-8) 


Since  the  broadside  echo  area  is  very  large,  R  is  chosen  as  line-of-sight  for 
an  aircraft  at  an  altitude  of  40,000  feet.  The  results  of  this  analysis  are 
shown  in  Figure  20-7  which  is  a  plot  of  Kq  (20-8)  for  different  values  of 

Ay  as  a  function  of  radar  spacing.  To  check 
the  results  of  an  infinite  lattice  analysis 
against  a  finite  lattice,  a  geometric  model 
was  constructed,  a  random  flight  path  chosen, 

JT  "St  and  the  line  lengths  njeasured.  The  measured 

[...^1  value  is  also  shown  In  Figure  20-7.  For  a 

corridor  of  length  1000  miles  with  radar 
spacings  of  170  miles,  the  fractional  time 
that  the  aircraft  Is  observed  at  broadside 
Fiousk  20-7  Frscilon  of  flight  angles  is  about  40  percent.  The  conclusion 
time  verHun  rgd«ri>piiclng  |j,  j,  poggible  In  principle,  to  dis¬ 

tinguish  between  the  two  vehicles  on  the  basis  of  the  broadside  echo. 

Another  question  which  should  be  answered  before  considering  the  actual 
simu^^tlon  devices  Is  the  minimum  elevation  angle  required  for  tactically 
useful  simulation.  The  minimum  elevation  angle  U  related  to  the  fraction  of 
ihe  aircraft  that  pass  within  a  specified  range  of  the  radar  site.  Consider  a 
single  radar  with  a  maximum  range  represented  by  a  circle  of  radiuiS  /?o< 
Assume  that  any  straight  trick  at  a  given  slope  is  equally  likely.  If  the 
spacing  between  parallel  tracks  is  denoted  by  A^i  the  number  of  tracks 
that  pass  within  a  distance  5  from  the  rsdar  is  given  by 


iw  iJd  ue“ 

CiKtiH*  iMtwHn  rttftri  I 


m  =  2S/AS  (20-9) 

The  total  number  of  tracks  that  pa.ss  through  a  radar  with  range  Ro  is 
given  by 


A"  =  Ro/AS  (20-10) 

'rhe  fraction  of  ihe  total  number  of  tracks  that  pass  within  a  distance  S 
from  the  radar  is  then 


m/N  =rz  5//?o  (20-11) 

For  the  multiple  radar  case  the  fraction  increases.  Assume  u  rectangular  lat¬ 
tice  of  radars  spaced  R  ndles  apart.  A  corridor,  C  miles  wide,  is  chosen  at 
random  and  directed  toward  the  target. 
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^  Spacing  of  tracks  which  Pire  equally  distributed  throughout  the 
corridor 

Sk  ^  A  chosen  radi^is 

S^t  ^  Radius  of  the  maximum  range  of  the  Ath  radar 
Lk  =  Overlap  of  5*  on  the  corridor 
Iff  =  Overlap  of  Sk  on  the  corridor 
P  =  Total  number  of  radars  observing  the  corridor. 

Then  the  number  of  aircraft  that  pass  within  a  circle  of  radius  Sii  Is  /a/A5. 
The  number  within  the  surveillance  range  of  the  Ath  radar  is  /.a/A5.  The 
fraction  of  the  total  number  of  tracks  that  fall  within  circles  of  radius  Sk  Is 

m/N  =  i  /a  2  (20-12) 

1  i 

The  answer  was  obtained  by  graphical  construction  and  U  shown  In  Figure 
20-8.*  For  each  assumed  ground  range  and  altitude,  the  elevation  angle  can 

be  determined.  In  this  manner 
It  is  possible  to  obtain  an  estimate 
of  the  minimum  elevation  angle 
corres{X)ndlng  to  a  given  percent¬ 
age  o!f  ait;.raft  which  are  per¬ 
mitted  to  be  identified. 

For  an  elevation  angle  of  10  to 
15  degrees,  about  15  percent  of 
the  attacking  force  will  exhibit 
greater  elevation  angles  and  may 
be  identihed.  Consequently,  the 
simulation  device  Is  required  to 
possess  a  vertical  lobe  width  of 
about  10  10  15  degrees. 

The  methods  for  increasing  the  broadside  ecnolng  area  are  both  passive  and 
active.  Three  passive  methods  for  Increasing  the  broadside  area  have  been 
considered;  triple  corner  reflectors,  fiat  sheets,  and  double  corner  reflectors 
The  first  technique  is  discarded  due  to  the  la.^e  slxe  reciuired  to  exhibit  the 
large  required  scattering.  The  .second  method  prcxiuces  the  rc<;ulrrd  echo  area 
but  the  lobe  Is  much  loo  narrow.  The  double  corner  appears  to  l)c  the  most 
promising  passive  technique.  The  ma.\lmum  scattering  cross  .section  of  the 
double  corner  Is  given  by 

♦The  conulrucUon  leadinK  to  Fiauri'  20  H  In  of  cormldcrwhle  um  In  jummina  prohlma,  !t 
yieidft  a  relatiunnhii)  for  the  f  met  ion  of  aircraft  falllnK  within  a  vlv^n  breakthrough 
rntixc. 


Figurk  20-S  Tercontage  of  aircraft  which 
pau  cloier  to  the  radar  than  the  abucl^M 
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(8,rA»)(/L)»  (20-13) 

where  /  is  the  length  of  the  corner  and  L  is  the  length  of  a  side.  For  L 
about  0.3  meterii,  and  /  about  7  meters,  the  scattering  cross  section  is  1  X 
10*^  square  meters  at  X-band  and  8  X  10”  square  meters  at  S-band.  Thus  a 
double  corner  fulfills  the  requirement  for  scattering  cross  section.  The  re¬ 
flector  must  also  present  this  cross  section  over  the  aspect  angles  compnrnble 
to  the  boml>er,  The  double  corner,  with  the  long  dimension  parallel  to  the 
principal  axis  of  the  vehicle,  exhibits  %  very  large  elevation  lobe  width  and  a 
small  azimuthal  lobe  width.  The  elevation  lobe  width  is  approximately  60 
degrees.  The  azimuthal  lobe  width  in  radians  is  given  by 

W  =  0.91  (A//)  (20-14) 

For  a  double  corner,  seven  meters  In  length,  the  azimuthal  lobe  width  is 
about  .08  degrees.  This  value  is  much  too  small  to  be  useful.  To  obtain  a 
2C-degree  lobe  width  at  S-band  requires  a  length  of  about  0.23  meters.  At 
X-band  the  lobe  width  would  be  about  7  degrees.  A  possible  design  would 
consist  of  an  array  of  corner  reflectors  on  each  side  of  the  aircraft. 

The  principal  disadvantage  of  the  double  corners  would  be  the  increased 
space  occupied  by  the  reflectors.  Although  passive  methods  appear  promising 
for  simulating  the  broadside  echring  area,  the  possibility  of  an  active  simula¬ 
tion  technique  has  also  been  investigated.  The  active  techniques  are  con¬ 
sidered  in  Section  20.6. 

Another  technique  for  preventing  the  identiflcatlon  of  decoys  Is  to  utilize 
the  obi^curing  effect  of  chaff.  Chaff  may  be  particularly  valuable  for  this  pur¬ 
pose  in  the  frequency  spectrum  below  1000  me,  where  it  may  be  difflcult  to 
confu.se  the  radar  Identity  of  decoys  and  bombers.  The  effectiveness  of  chaff 
is  analyzed  for  the  s|>eciric  case  in  which  the  decoy  scattering  Is  le.ss  than  the 
bomber  scu tiering. 

The  aspect  of  chaff  sowing  that  Is  unique  to  the  decoy  problem  occurs 
when  the  density  of  the  chuff  is  so  light  that  some  of  the  bombers  and  some 
of  the  decoys  may  be  observed.  The  amount  of  chaff  necessary  to  prevent  the 
enenty  from  detecting  the  aircraft  can  be  calculated  by  assuming  that  the 
chaff  return  is  indistinguishable  from  the  receiver  noise.  The  method  is  based 
upon  the  relationship  between  the  blip  to  scan  ratio  and  the  signal  to  noise 
ratio,  (References  16,  17,  and  18).  This  rciation.ship  is  shown  in  Figure  20-9. 
'rhe  assumed  probability  (tensity  for  the  input  signal  to  noise  ratio  is 
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Kioukk  20-9  Blip  Kin  ritlo  venut  slttntl  to  nolM  (or  ten 
hiti  on  a  fluctuating  target 


where  X  is  the  input  signal  to  noise  ratio,  and  X  ji  the  average  of  X  over  all 
target  fluctuations. 

Since  the  return  from  chaff  is  added  to  the  reflected  signal  from  the  air¬ 
craft  the  presence  of  chaff  decreases  the  signal  to  noise  ratio.  Thus,  the  sow¬ 
ing  of  chaff  to  conceal  an  aircraft  reduces  the  blip  to  scan  ratio.  For  example, 
if  the  signal  to  noise  ratio  is  20  db  for  the  aircraft  alone,  the  blip  to  scan 
ratio  would  be  98.2  |)ercent.  Assuming  that  the  echoing  area  of  the  decoy  is 
10  db  less  than  the  echoing  area  of  the  bomber,  the  signal  to  noise  ratio  of  the 
decoy  would  be  10  db.  This  corresponds  to  a  blip  to  scan  ratio  of  80  percent. 
Both  targets  would  be  detected  at  this  ratio.  If  a  moderate  amount  of  chaff 
Is  sown,  the  signal  to  noise  ratio  for  both  targets  would  deteriorate,  Assuming 
that  the  chaff  reduces  the  signal  to  noise  ratio  of  the  bomber  to  10  db,  the 
blip  to  scan  ratio  of  the  bomber  becomes  80  percent.  The  same  amount  of 
chaff  reduces  the  blip  to  scan  ratio  of  the  decoy  from  80  to  15  percent  and 
the  decoy  may  not  detected.  Thus,  if  the  decoy  echoing  area  is  less  than 
that  of  the  bomber,  a  few  of  the  bombers  may  nut  be  detected,  but  a  larger 
number  of  the  decoys  may  also  escape  detection.  Although  a  light  sowing  of 
chaff  reducc.s  the  dilution  of  the  defenses  by  the  decoys,  some  of  the  bombers 
will  nut  l>e  observed.  Thus  the  net  effectiveness  of  the  mission  may  still  be 
incrcu.sed  by  the  use  of  chaff. 

20.6  ArtJvo  Simulation  of  Airhors;c  Targets 

In  the  previous  discussion  It  was  concluded  that  the  pa.sslve  technique.s 
were  adequate  for  the  higher  frequencies.  l"he  crossovei  point  between  high 
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and  low  frequencies  is  arbitrarily  chosen  at  1000  me  pending  full  scale  model 
tests.  In  the  frequency  range  between  50  and  1000  mC|  the  tuned  fuselage 
techniques  were  shown  to  be  adequate  for  forward  aspects  but  too  low  for 
other  aspects.  What  is  required  for  simulation  in  the  low  frequency  *eginn  is 
a  device  which  would  broadcast  signals  sufficiently  similar  to  the  bomber 
echo  to  prevent  identification.  If  the  transmitted  si  mals  were  distinctly 
different  from  the  skin  echo,  they  would  form  the  basis  for  discrimination. 
In  this  case,  the  device  would  be  mounted  on  both  the  bomber  and  the  decoy. 
In  this  section,  it  is  assumed  that  the  skin  return  of  the  bombe**  is  about 
ten  times  the  skin  return  of  the  decoy. 

A  number  of  active  simulation  devices  have  been  studied  for  this  problem. 
Among  them  are  straight  through  rc|>eAters,  gated  repeaters,  swept  osrlllator 
truns|X)nders,  and  pulse  barrage  transponders.  The  ideal  device  would  be  an 
amplifier  which  would  broadcast  the  received  pulse  at  a  higher  amplitude 
without  distinctive  characteristics.  A  system  which  fulfills  these  conditions 
is  a  straight  through  repeater.  When  there  is  »iufflcient  isolation  between  the 
receiving  and  transmitting  antennas  no  oscillations  take  place.  The  criteria 
for  sufficient  isolation  depend  upon  the  characteristics  of  the  amplifier,  the 
geometry  of  the  system,  and  the  gai*^  pattern  of  the  antennas.  To  prevent 
large  fluctuations  In  output  |K)wer,  It  is  desirable  to  keep  the  leakage  signal 
small  with  respect  to  the  received  radar  pulse.  Another  effect  of  excessive 
coupling  la  lengthening  of  the  trailing  edge  of  the  radar  pulse.  This  lengthen¬ 
ing  is  on  the  order  of  the  delay  of  the  amptlAer  for  small  leakage.  For  larger 
coupling,  the  trailing  edge  may  be  lengthened  by  several  times  the  delay  of 
the  ampllAer. 

'rhe  required  gain  of  the  repeater  is  calculated  for  the  case  In  which  the 
coupling  between  the  antennas  Is  neglected.  For  adequate  simulation,  the 
received  power  at  the  radar  from  the  repeater  is  equal  to  the  received  power 
from  the  akin  of  the  bomber.  If  AMs  the  gain  of  the  system,  between  the  two 
antennas,  and  is  the  gain  of  the  repeater  antenna,  the  system  gain  is 
'dven  by 


'i*hc  power  iiut|)ut  of  the  repeater  con.nlst.'i  of  inith  the  amplified  energy  from 
the  radar,  and  the  ani[)liried  energy  due  to  antenna  coupling.  The  power  I\ 
delivered  to  the  transmitting  antenna,  is  given  by 

.  ...  A'C-A"  ( WG,  ,  r,G,A 


!' 


(20-16) 


DECOYS 


20-19 


where  W  Is  the  power  transmitted  by  the  radar,  G,  is  the  maximum  antenna 
gain  of  the  radar,  a  is  the  separation  between  the  re|)eater  antennas,  and 
is  an  arbitrary  phase  angle  depending  upon  system  delay  and  antenna  separa¬ 
tion.  From  the  previous  condition  for  adequate  simulation,  the  amplIArr 
gain  is  given  by 


^  _  4ffir  /  Gr^ 

1  4- 


(20-17) 


Another  way  of  stating  the  simulation  condition  is  that  the  beam  power  of 
the  repeater  is  eciual  to  the  scattered  power  from  the  bomber,  or 


I\Gr  =  WG,tr/<wH'^  (20-18) 

The  previous  results  hold  only  for  the  case  of  two  Isotropic  antennas.  For  the 
nonisotropic  case,  let  Gr{6f)  be  the  antenna  gain  in  the  direction  of  the  radar 
and  Gr{Bf)  be  the  antenna  gain  along  the  line  Joining  the  two  repeater  an¬ 
tennas.  The  ampliHer  gain  for  this  case  is 

A'  —  2  ~  4wir/Gr^{0,)  _  _  .JQ  JQ. 

The  .system  gain  K*  is  the  ratio  of  the  |H)wer  delivered  to  the  transmitting 
antenna,  to  the  |)owcr  at  the  input  terminals  of  the  receiver. 


^ "l  -  |A:(/V(«.)a45^/(4«-(;)''|  (20-20) 

Reasonable  values  for  the  ainplifter  gain  can  now  be  calculated,  Since  there 
is  no  control  over  the  phase  term,  let  this  term  be  unity.  To  prevent 
oscillation.*  let 


KCrHB.) 
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or 

Kli  <  1 

♦The  ^trslshl  Ihroiijiih  rctxjalcr  iinal>>(»t  jilftvr*  from  thi*  ukuu!  frcdlwrk  ttniily»U  whei-i' 
!h<?  factor  U  chnM*r)  grea(«>r  than  unity  to  stabilize  tho  ayntem.  In  Ihr  rr|)vutt't;  <{>  in 
M  rapidly  varying  function  of  frt*quc<nry  and  the  only  way  to  injure  atubiiity  ir  to  rrc)ulrp 
that  Kfs  bv  It*aii  than  unity.  !(  Kfi  <  \/S,  the  maximum  nuctuatloni  of  umplitudo  due  to 
the  phaie  term  lx  .t  db. 


20-20 


ELECTRONIC  COUNTERMEASURES 


where 

/?  =  Cr«  AV  (4ira)» 

The  maximum  M^attering  cross  section  that  can  be  simulated  Is  calculated 
with  the  aid  of  Eq  (20-21).  Since  the  requirement  of  stability  implies  that 
Eq  (20-15)  is  substituted  for  K  in  Eq  (20-21)  and  the  1/3  criterion 
is  applied.  Therefore,  for  stable  operation, 


V 


Gr^  (B.) 


(20-22) 


The  equality  sign  is  used  to  calculate  the  maximum  scattering  cross  section 
which  can  be  simulated.  Tnc  maximum  scattering  cros.s  section  is  shown  in 

Figure  20-10  as  a  function  of  the 
separation  of  the  repeater  anten¬ 
nas  and  the  ratio  of  the  gains. 

The  stability  criterion  depends 
upon  the  inverse  relationship  be^ 
tween  the  gain  of  the  amplifier 
and  the  square  of  the  wavelength 
Bs.Huming  that  the  antenna  gain  is 
constant,  Eq.  (20-15).  For  short 
dipoles,  the  antenna  gain  is  con¬ 
stant  and  the  amplifier  should  be 
designed  with  an  appropriate  Al¬ 
ter. 

The  stability  criterion,  Eq  (20- 
22),  also  depends  inversely  on  the 
spacing  between  the  antennas,  c, 
and  *he  ratio  of  the  antenna 
gains.  Since  the  dimensions  of  the 
decoy  arc  fixed,  there  will  be 
some  minimum  frequency  at 
which  the  re|)eater  will  oscillate. 


Fku'nk  20-10  Mftximum  cross  section  ver¬ 
sus  relative  antenna  raIh 


For  operation  de/ow  the  oscillation  frequency,  other  active  simulation  de¬ 
vices  are  required.  These  consist  of  gated  repeaters,  swept  oscillator  trans¬ 
ponders,  and  pulse  barrage  transponders. 

A  block  diagram  of  n  gated  repeater  l.s  shown  in  Figure  20-11.  The  gating 
circuit  supplies  n  rectangular  gating  pulse  to  the  receiving  amplifier  in  the 
.sequence  ON-OFF.  A  gating  pulse  (s  also  applied  to  the  transmitter  in  the 
sequence  OFF-ON.  The  welved  energy,  amplified  during  the  ON  time, 
charges  the  delay  line.  A.ssuming  that  the  radar  pulse  is  much  longer  than 
the  gating  period,  the  output  of  the  delay  line  Ls  a  train  of  short  pulses  with 
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an  over-all  length  approximately  equal  to 
the  radar  pulse  length.  The  delay  li  ad¬ 
justed  to  one-half  the  rf];>etltion  period  of 
the  gating  pulse  Thus,  during  the  receiver 
ON  time,  the  delay  line  stores  the  received 
energy.  During:  the  receiver  OFF  time,  cor¬ 
responding  to  the  transmitter  ON  time,  the 
energy  stored  in  the  delay  line  is  trans¬ 
mitted.  delay  time  is  greater  or  equal 

to  the  V  le  of  the  gate  cycle,  and  less 

than  the  total  gate  period,  the  receiver  Is 
as  the  amplifler,  Consequently,  the  sys¬ 
tem  cannot  oscillate.  Thus,  the  gated  repeater  quantises  the  radar  pulse 
and  transmits  an  enhanced  version  of  the  received  pulse.  The  length  of  the 
transmitted  pulse  train  can  at  most  differ  from  the  radar  pulse  length  by  a 
gate  period,  It  will  approach  the  radar  pulse  length  as  the  gating  period  Is 
reduced, 

A  preliminary  step  to  the  system  design  of  the  gated  repeater  is  to  deter¬ 
mine  how  the  radar  receiver  responds  to  the  pulse  train.  It  is  necessary  to 
determine  the  output  pulse  shape  at  the  rada**,  the  reduction  in  amplitude 
caused  by  the  gating  operation,  and  the  factors  affecting  the  choice  of  the 
gating  period  and  duty  cycle. 

The  output  of  the  repeater  can  be  expressed  by 

i(t)  =:  tfcosui,/  forr,<f<7’a,  T^<t<T^  ,  ,  .  /9n 

=  0  forKTi,  Krfc.../>r„ 

Equation  (20-23)  represents  a  series  of  pulses  with  a  carrier  frequency  of 
b>,.  If  (o;j  Is  the  frequency  of  the  local  oscillator  in  the  radar  receiver,  the 
Input  to  the  i-f  Alter  is  given  by 

/(/)  Re  -|-|exp)(iM|  -  I  exp  J(i.m  f  (20-24) 

An  approximate  result  is  obtained  for  a  flat-lopped  rectangular  Alter  with 
bandwidth  B.  For  a  repeater  duty  factor  of  1/2,  this  is  given  by 

,  IS  2 

F{/)  ^  -  S  Si\x  -  .S7|x  -  (k  I  1)<!»1  (20-25) 

where  x  wlit  and  <1*  =  wBT,  /V  number  of  pulses  in  the  pulse  train 

and  p  =  0,1, 2, 3 . T  is  the  ON  lime  of  the  pulse  in  the  pulse  train. 

Equation  (20-25)  re[)resci£ts  the  output  pulse  shape  at  the  radar.  For  ex- 


Fiouhk  20-11  Block  dUaram  of  a 
fKaird  repcatifr 

never  ON  at  the  same  time 


20-2 


KLK(TR()Nir  C'OrNTHRMKASURKS 


:implc>  consUlvr  ii  S-/u.Hec  radnr  pul.sc  with  a  radar  rrcclvvr  pa.H.Mimiui  nf 
250  kc.  In  thi.i  ca»c,  is  (5/4)Tr,  and  (he  output  pulnc  shape  is  shown  In 
Figure  20-12.  The  response  of  the  radar  to  five  0.5-/iScc  pulses  Is  also  shown. 
The  shape  of  the  response  of  the  filter  is  approximately  the  same  for  both 
the  radar  pulse  and  the  repeater  simulated  pulse.  If  the  radar  passband  is 
increased  beyond  the  optimum  value  of  (5/4)fr,  the  individual  gating  pulses 
arc  resolved.  For  example,  Figure  20-15  shows  the  response  when  two  0.5- 


Kuiomk  20>U  Output  pulnc  ntmpc  for  Fuioks  ;o-1J  Output  puInc  nhspe  for 

gttlcd  repeater  (opilntum  bandwidth)  valcd  rcpiiter  (Isrite  bandwidth) 

/isic  pulses  are  ap|)lleil  to  a  receiver  with  a  bandwidth  of  2.S  me.  I'hls  result 
suggests  an  attractive  countermeasure  against  the  gated  repeater:  a  witle- 
band  auxiliary  receiver  with  u  pulsewidlh  discriminator  could  be  employed 
to  detect  the  prc.tcnce  of  gated  re|)eater  transmissions.  Discrimination 
against  a  gated  repeater  is  also  possible  on  the  basis  of  its  distinctive  pulse 
spectrum. 

1’he  next  problem  Is  to  compute  the  reduction  in  amplitude  caused  by  the 
gating  of  the  radar  pulse,  hiir  example^  Figure  20-12  .shows  that  the  ampli¬ 
tude  Is  reduced  by  a  factor  of  2  for  a  duty  cycle  oi  one- half.  The  problem 
can  be  analyzed  for  a  range  of  duty  cycles  and  pulsewldths  by  determining 
the  energy  in  the  pulse  train  as  compared  to  the  energy  in  the  original  radar 
pulse  at  the  oul|/Ul  terminals  of  the  filler.  The  energy  lo.ss  ratio  is  given  by 

«  (5/8)/V/I7'  (20-26) 

for  the  parameters  in  the  region  of  A'/F/'  =  1^  2.  Kquatlon  (20-26)  repre- 
seiils  the  loss  introduced  by  tlie  gating  operation.  Tids  re.sult  was  obtained 
by  Fourier  transform  methods  followed  by  graphical  integration  of  the  resul¬ 
tant  energy  expressions. 
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The  choice  of  gale  period  doc.i  not  effect  the  filter  loss.  If  r  is  the  total 
length  of  the  radar  pulse,  and  D  is  the  duty  factor  of  the  gate  cycle, 

tD  (20-27) 

As  the  gate  period  is  changed,  D  is  constant,  and  the  product  NT  is  constant 
for  a  specific  radar.  Thus  BNT  is  unchanged  and  the  energy  loss  is  constant. 

An  in.spcction  of  the  block  diagram,  Figure  20-11,  suggests  that  a  saving  in 
weight  and  power  cun  be  gained  by  reducing  the  gate  fyeriod  to  a  small  value. 
A  shorter  delay  line  would  occupy  less  volume  and  Introduce  lcj;s  loss  Into 
the  system.  However,  a  reduction  In  gate  period  increases  the  complexity  of 
the  gate  generator.  Thus  there  is  some  optimum  gate  period  representing  a 
com[>romlsc  between  the  reduction  In  delay  line  losses  and  increased  com¬ 
plexity  of  the  gate  generator. 

Another  factor  that  affects  the  energy  los.s  and  the  design  of  the  gated 
repeater  is  the  loss  introduced  by  smaller  duty  factors.  Once  again  the  design 

a  compromise.  If  the  amplifier  beneffts  from  small  duty  cycle  o|>erntion, 
then  a  reduction  In  duty  cycle  implies  a  reduction  in  weight  of  the  power 
supplies.  However,  If  Is  reduced,  A'T  is  reduced,  and  the  energy  loss 
Increases  us  N7\ 

The  next  problem  that  underlies  the  design  of  all  gated  re|)eaters  Is  to 
detrrmine  the  gain,  maximum  power  output,  and  dynamic  range  of  the 
amplifiers.  The  over-all  system  gain  of  the  gated  re|)eater  Is  the  same  as  the 
required  gain  of  the  straight  through  repeater  modified  by  the  gating  loss. 
The  maximum  power  of  the  rr|)catcr,  at  some  minimum  range  Is  given 
by  Kq  (20-18).  For  ranges  less  than  the  minimum,  a.Hsumc  that  the  ampli¬ 
fiers  arc  s*>  limited  that  the  output  power  of  the  repeater  is  too  low  for  ade¬ 
quate  .simulation.  Thus,  fur  ranges  les.s  than  the  minimum,  the  defense  cun 
identify  the  vehicle  as  a  decoy.  The  priibltm  of  minimum  range  can  then  be 
restated  in  terms  of  how  many  decoy  vehicles  arc  permitted  to  be  Identified 
without  excessively  reducing  the  effect ivenc.ss  of  the  strike.  An  estimute  of 
the  minimum  range  can  be  obtained  by  means  of  Figure  20-8  which  is  a 
graph  of  the  fraction  of  aircraft  that  pass  closer  to  the  radar  than  at  a 
specified  range.  If  10  to  20  percent  of  the  decoys  can  be  |>ermilted  to  be 
identified,  the  minimum  range  is  about  25  miles.  Assuming,  for  the  low 
frequency  region,  an  echo  urea  of  50  .square  meters,  a  radar  of  100  kw,  with 
an  antenna  gain  of  20  db,  and  a  repeater  antenna  gain  of  unity,  then  a 
ir.aximum  power  of  .025  walls  or  14  dbin  is  required  of  the  repeater.  Thl.s 
m  her  Is  not,  however,  the  output  power  from  the  transmitting  amplifier. 
This  value  must  be  adjusted  for  the  lo.ss  due  to  gating,  and  the  antenna  lo.ss. 
A  more  rea.sonable  estimate  of  the  maximum  output  power  of  the  transmit- 
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tirsK  ampliner  i.s  about  0.2  watt».  l.rOW  output  power  l5  characteristic  of  all 
simulation  devices  in  contrast  with  Jammers. 

If  the  K»ted  repeater  is  considered  for  simulating  the  broadside  echo,  the 
minimum  required  jwwer  can  be  calculated  by  means  of  Eq  (20-18),  For  the 
same  ininimut  range  and  an  echo  area  of  1000  square  meters,  the  maximum 
output  power  is  4  watts.  This  figure  .should  be  reduced  by  the  gain  of  the 
directive  antennas  employed  for  simulating  the  broadside  angle. 

'rho  dynamic  range  requirement  Is  also  not  very  severe.  If  It  is  desired  that 
the  repeater  operate  over  a  range  of  from  10  to  250  miles,  the  required 
dynamic  range  is  about  21  db. 

Since  the  <lect>y  aircraft  will  fly  either  intermingled  with  the  bombers  or 
on  a  separate  flight,  their  spacing  will  be  on  the  order  of  5  tc  10  miles.  It  Is 
therefore  necessary  to  examine  the  |K)sslbiIity  of  a  rei>eater  Interacting  with 
an  adjacent  re|)eater  and  protiucing  sustained  oscillation  between  the  two 
devices.  The  interaction  range  Hi  is  defined  as  the  range  at  which  the  gain 
of  the  repeater  is  equal  to  the  transmlsdon  losses.  Oscillation  will  occur  for 
any  smaller  range.  The  interaction  rurge  is  calculated  from  the  free  space 
transmission  formulas  and  it  can  be  shown  that  the  interaction  range  Is 
given  by 


for  identical  repeaters.  The  maximum  value  of  K*  occurs  at  the  highest  ofurr- 
ating  frequency.  For  a  fretjuency  r)f  1000  me,  an  echo  area  of  50  square 
meters,  and  an  antenna  gain  of  unity,  the  .system  gain  is  3H.5  db.  If  nn  ex¬ 
treme  case  of  antenna  orientation  is  assumed,  Gr  =:  20  db,  the  interaction 
range  is  640  feet.  This  small  range  does  not  present  any  problems  of  inter¬ 
act  i«m  for  the  decoy  repeater. 

'i'he  minimum  altitude  at  which  the  repeater  can  o{>erate  without  oscllla- 
lioii  is  determined  hy  assuming  that  the  repeater  is  ub<ivc  a  plane  conducting 
earth  and  tlutt  there  Is  an  imago  repeater  etjuitlistant  on  the  opposite  side  of 
the  plane.  The  minimum  altitude  Is  one-half  the  Interaction  range,  320  feet. 

'rhe  last  pro!)lem  to  be  discusstMl  before  examples  of  specific  systems  arc 
de**crlbed  is  the  behavior  of  the  repeater  in  the  presence  of  expected  signal 
densities.  'Ihe  repeater  will  ordinarily  resp(»nd  to  all  radiation  within  Its 
fre(|uency  liand  'fhe  amplifiers  may  overload  or  limit  If  the  sum  of  the 
retransmilied  signal  power  exceeds  the  capacity  of  the  amplifler.  It  may  thus 
be  neiessary  to  increase  the  pi>wer  handling  capacity  of  the  amplifier.  It  Is 
expected  th.it  the  repetster  will  not  be  reijuired  to  simulate  mo~e  than  two 
signals  at  the  maximum  power  level,  and  consetpiently  the  increase  in  ca¬ 
pacity  may  lie  oidy  3  <)ecibels. 
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Another  tsj>cct  of  ihl^  problem  Is  the  f»ct  that  the  repeater  will  amplify 
all  low  level  lignals  and  the  sum  of  these  low  level  signals  may  exceed  the 
capacity  of  the  ampllftcr.  This  effect  may  be  reduced  by  noting  that  the 
extraneous  signals  are  all  lower  than  the  main  beam  radiation  of  the  radar. 
To  reduce  the  response  to  the  undeslrod  traffic,  a  threshoi’^  device  can  be 
inserted  at  the  output  of  the  receiving  amplifier.  The  threshold  detector 
operates  by  turning  on  the  transmitting  amplifier  whenever  the  received 
signal  exceeds  a  specified  level.  Thus  the  system  will  only  repeat  the  radia¬ 
tion  from  the  main  beam  of  the  radar. 

I'he  previously  discussed  systems  operate  on  the  repeater  principle.  It  Is 
possible,  however,  to  devise  transjwnders  which  will  also  simulate  the 
bomber.  Two  systems  have  been  analyzed,  the  swept  oscillator  transponder 
and  the  pulse  barrage  transponder. 

The  principle  of  the  swept  oscillator  transponder  is  to  use  the  received 
pulse  to  trigger  a  sweep  generator  which  rapidly  tunes  the  oscillator  through¬ 
out  the  frequency  band.  The  swept  oscillator  produces  an  output  pulse  on  the 
radar  screen  which  re.sembles  a  large  target.  Since  the  allowable  delay  be¬ 
tween  reception  and  transmission  U  only  a  fraction  of  the  pulsrwidth,  a  fast 
tuning  oscillator  is  required. 

The  decoy  transponder  is  much  simpler  than  systems  employing  voltage 
tunable  tubes  for  false  target  operation  or  range  gate  deception,  since  pro¬ 
gramming  is  not  required  for  decoy  simulation. 

Assuming  that  the  sweeping  action  reduces  the  required  |>uwer  by  a  factor 
Qf  the  required  output  power  /'/  in  the  pas.sband  of  the  radar  receiver  i.s 
given  by 

Pr-Q  (20-29) 

where  /*,  is  the  power  oi  tput  of  the  radar  (100  kw),  Gt  I.s  the  gain  of  the 
rc.dar  antenna  (20  db),  m  is  the  scattering  cross  section  of  the  bomber  (50 
square  meters),  R  Is  the  range  (170  milc.s),  and  C,  is  the  gain  nf  the  repealer 
antenna  (unity).  Under  these  conditions,  the  power  required  of  the  trans¬ 
ponder  is  about  0.05  watts  fur  ()  =:  1 

The  degradation  factor  Q  can  be  calculated  from  the  relationship  between 
the  magnitude  and  duration  of  the  output  pulse  at  the  defen.se  radar,  and 
the  characteristics  of  the  sweeping  signal. 

An  analysis  of  the  swept  oscillator  transponder  denionst rates  that  it  !.*^  a 
feasible  means  of  simulating  the  bomber.  The  principal  disadvantage  (s  the 
ea.se-  with  which  the  swept  oscillator  transponder  could  l>e  countered.  A  simidc 
technique  would  l)e  to  detune  the  radar  receiver.  AP  ihc  pulses  that  appear 
are  therefore  decoys.  Another  possibility  is  to  use  an  auxiliary  receiver,  tuned 
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to  an  adjacent  frequency,  to  “blank"  the  decoy  largetw.  The  counler-''ounter- 
inea.Hurc  is  to  rccjuirr  the  same  transponder  on  both  bombers  and  decoys. 

1’he  pulse  buirage  transponder  operalc.s  by  using  the  received  radar  pulse 
to  trigger  a  broadband  rudse  source.  When  a  radar  pulse  of  sufndent  ningni- 
tilde  is  received,  a  burst  of  noise  is  transmitted  on  all  frequencies  in  the 
band.  'J  he  Integration  of  a  l*J’I  di.splay  ma.sks  the  noisy  characteristic  of  the 
signal.  An  experiment  whs  undertaken  to  determine  how  much  noise  should 
In*  added  to  the  skin  echo  of  the  decoy  to  confuse  the  operator.  Two  pulses 
were  presented  to  an  operator  on  a  bl’I  display,  The  bomber  pulse  level  was 
.set  JO  db  greater  than  the  decoy  pulse.  Both  targets  were  presented  to  the 
operator  at  different  locations,  and  the  o|}erator  was  asked  to  decide  which 
target  was  the  bomber,  Noise  bursts  were  then  Introduced  into  the  system 
in  coincidence  with  l>oth  target  pulses.  The  noise  bursts  were  adjusted  to  the 
same  length  us  the  target  pulses,  The  noise  power  was  increased  until  the 
identification  error  of  the  operator  api)roached  50  percent.  The  resulting 
ratio  of  rms  nol.se  power  to  the  |>eak  bomber  power  was  20  db.  The  results 
of  this  .simplified  experiment  were  considered  bx)  high  since  the  noise  con¬ 
tribution  of  the  receiver  and  the  nuctuatiun  of  the  target  were  Ignored.  As¬ 
suming  a  ratio  of  rms  noise  power  to  peak  bomber  tH)wer  of  A,  the  required 
output  power  in  the  pussband  of  the  receiver,  is  given  by  Kq  (20-2V)  with 
(>  replaced  by  .V.  For  the  radar  churacierlstics  Illustrating  Kq.  (20-29)  and  a 
receiver  bandwidth  of  250  kc,  the  required  power  density  Is  0.2  watts/'me. 
When  the  additional  factors  of  receiver  noise,  target  fluctuation,  and  aspect 
angle  are  considered,  the  required  |)owcr  density  is  probably  less  by  at  least 
an  order  of  magnitude,  0.02  watts/mc. 

Another  problem  as.sociated  with  the  u.se  of  transponders  for  decoy  simula¬ 
tion,  is  the  variation  in  range  at  which  the  transponder  commences  operating. 
'Fhe  leccived  power  at  the  lrans|)o;idcr  is  a  function  of  the  trunsponrlrr  an¬ 
tenna  gain  as  well  ns  the  range  from  the  radar.  Since  the  threshold  at  which 
the  iranspender  commences  operatam  i-'  preset,  the  range  at  which  the  decoy 
first  apiiears  u|)on  the  I*! 'I  will  depend  upon  the  aspect  angle  of  the  decoy. 
Compression  circuit.s  are  required  In  the  transponder  to  Insure  that  the  trans¬ 
ponder  commences  operation  at  the  desired  range  without  too  much  variation. 

Since  the  length  of  the  output  pulse  of  the  transponder  i.s  fixed,  it  is 
therefore  subject  to  simple  counter  techniques.  Although  variable  pulse 
length  circuiis  were  consitlered,  these  circuits  recpilre  extensive  receiver  and 
programmer  deveUipment.s.  With  fixed  pulse  length  operation,  tran.sponders 
must  be  mounted  on  both  bomber  and  decoy.  Another  mnj<ir  difficulty  is  the 
weight  and  power  i e( pii remen ts  for  a  unit  covering  the  50  to  .^00-rnc  band. 

2(K7  liifriired  Sinuilulloii 

Since  the  problem  of  Identifying  decoys  and  bombers  by  IR  is  uniquely 
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different  from  the  electronic  problem,  thi.i  a5i>cct  of  dimulation  h  dNcii.^sed 
separately. 

The  defense  mode!  consists  of  a  lar^e  IR  search  systen)  and  surveillance 
radar  carried  in  a  hiKh  altitude  aircraft  which  relays  target  information  to 
the  ground.  The  basis  for  identlAcation  is  the  amount  of  radiation  pro¬ 
duced  In  the  wavelength  band  of  the  detector.  The  identincutiun  can  be  per¬ 
formed  by  measuring  the  liR  radiation  as  a  function  of  range  and  asi>ect 
angle. 

The  expected  range  at  which  the  decoy  could  be  delected  Is  based  upon 
the  test  results  which  indicate  a  200-mile  range  for  a  fighter  which  radiates 
120  watts  |>er  steradian  at  the  tall  aspect  in  the  2  to  3  micron  region  (Re¬ 
ference  2).  This  '-ange  is  optimistic  since  atmospheric  attenuation  und  sky 
noise  were  neglected. 

A  reasonable  assumption  concerning  the  magnitude  of  the  radiation  is 
that  the  IR  radiation  is  roughly  proportional  !u  the  fuel  consumption  for 
similar  operating  tem|>erarures  and  eftkiencies,  Thus  a  bomber  cun  be  ex- 
{>ected  to  radiate  25  times  as  much  IR  energy  as  the  decoy.  The  range  at 
which  the  decoy  Is  tkst  observed  would  then  be  about  one  third  to  one  tUth 
the  detection  range  of  the  bomber  at  the  same  as|>rct.  The  difference  In  the 
detection  range  or  break-in  range  cun  be  used  as  a  biisis  for  discrimination. 
As  the  vehicle  approaches  the  detecti)r,  the  small  forward  radiation  limits 
the  detection  range  to  30  to  40  miles  for  the  bomber  and  ?  to  10  miles  for 
the  decoys.  As  targets  pass  the  search  plane,  the  rear  as|}ec(s  allow  much 
larger  detection  ranges. 

It  is  unlikely  that  an  examination  of  the  spectral  distribution  of  the 
sources  will  yield  useful  information,  since  both  engines  will  burn  dar 
fuels  at  the  same  temt>frutures.  Thus»  the  most  attractive  IR  basts  i  ..  dis¬ 
crimination  is  the  amount  of  IR  energy  radiated  by  the  vehicles. 

!f  it  is  expected  that  the  enemy  will  use  IR  detection  devices  for  (llscrlm- 
ination,  it  is  ))ossib)e  to  place  a  hot  body  on  the  ciecoy  to  approximate  the 
IR  radiated  by  the  bomber.  'Khe  problem  is  to  design  a  s^)urce  which  Is 
small,  light,  rfhclrnt  and  s|)ect rally  indistinguishable  from  the  bomber. 

To  obtain  the  desired  outj)ui,  a  small  source  must  be  operated  at  high 
temperature,  and  vice  versa.  Hut  a  high  trmi>eraturc  source  will  exhibit  i\ 
markedly  different  si)ectritl  distribution  than  a  low  temperature  source.  'I'hl.s 
difference  !s,  in  principle,  .suftklent  to  allow  diHcrimination  between  a 
simulated  IR  radiation  and  the  radiatlcm  from  the  l>omber. 

'I'he  Diost  convenient  source  of  energy  for  the  simula!e<l  !R  snurce  Ih  jet 
engine  fuel.  'I'he  ilame  may  not  be  visible,  but  can  be  used  to  lieat  a  high 
emUsIvity  railiating  surface  such  us  oxldl/ed  stainless  steel  with  an  emissivity 
of  0.^.  This  will  insure  that  much  of  the  radiation  will  lu*  greylaKly  etiussion 
instead  of  band  emission,  'riu*  hot  exhaust  ga.ses  will  give  some  batui  emission. 
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The  size  of  the  radiating  area  will  depend  on  the  desired  output  and  oper¬ 
ating  temperature.  Measurements  of  the  power  radiated  by  large  bombers 
indicate  alx^ut  000  watts  |)er  steradian  in  the  2  to  2.7-micrjn  band,  while 
the  H-47  emits  about  200  watts  \w  steradian  under  the  same  conditions 
(Reference  19).  These  results  were  obtained  at  cruising  speeds  with  tall 
pipe  tcm{>f  rutures  in  the  neighborhood  of  400'"  C. 

The  fuel  requirements  depend  strongly  upon  the  cfHciency  with  which 
thermal  energy  can  be  converted  into  radiant  energy.  Assuming  an  efficiency 
of  10  percent  and  that  the  total  radiated  power  is  n  times  the  power  radiated 
{>er  steradian  along  the  tail  axis,  the  required  weight  of  fuel  per  hour  to 
simulate  a  H-52  is  30  Ib/hr  for  the  2  to  2.7-micron  band  and  2S0  Ib/hr  for 
the  2  to  5-micron  band.  It  is  also  assumed  that  15  percent  of  the  received 
radiation  is  effective  in  producing  a  signal  in  the  detector  and  that  a  hydro¬ 
carbon  fuel  liberating  about  15,000  BTU/lb  is  used. 

20.8  Coiiclusloti 

To  conclude  this  cha{)ter  on  decoy  simulation,  we  shall  flummarize  the 
relationship  between  identification  methods  and  simulation  techniques,  and 
compare  the  decoy  with  another  device  for  diluting  the  defense. 

It  is  assumed  that  the  decoy  carries  simulation  equipment  which  Is  ade¬ 
quate  against  the  simplest  technique  of  Identification;  the  break-in  range. 
The  various  methods  for  identifying  the  decoys  are  summarized  In  Table  20-1^. 
'Fhe  top  row  is  a  list  of  different  methods  for  identifying  decoy  targets.  I'he 
left  column  Is  a  list  of  techniques  which  can  be  used  to  counter  the  identi- 
ftcution  methods.  The  pairing  of  an  Identification  method  unc!  a  counter 
technique  is  indicated.  For  example,  a  possible  counter  technique  is  an 
examination  of  the  Huctuotions  of  target  echoes.  Th!z  method  can  be  coun¬ 
tered  by  applying  noise  modulation  to  the  ret)cnter.  in  this  manner,  for  each 
identification  method,  a  counter  technique  exl.sts  to  null  the  effectiveness  of 
the  method. 

Decoy  aircraft,  employed  to  saturate  the  defenses,  are  often  compared  with 
fal.se  target  generators.  'I  lie.se  devices  place  false  targets  on  defen.sc  radars  by 
purely  electronic  means.  Although  both  techniques  accomplish  the  .same  result 
they  differ  in  »he  confidence  ascribed  to  the  countermeasure.  In  the  case  of 
false  target  generators,  there  are  simple  nuxiificutions  of  existing  radars 
which  blank  out  the  fal.ne  targets.  1'hc  false  target  generators  cannot  he 
modified  to  eliminate  this  difficulty.  They  are  therefore  considered  as  a 
lower  confidence  countermeasure  than  the  decoys.  In  the  case  of  decoys,  the 
methods  for  identification  are  more  complex,  anrl  furthermore,  they  can  be 
nulled  by  modification  of  She  decoy.  C‘on.He(|uently  the  decoys  are  relatively 
high  confidence  countermeasures. 
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21.1  Introduction 

Infiarecl  refers  to  the  |)ortion  of  the  electromagnetic  apectrum  lying  be¬ 
tween  the  visible  and  the  shorr,  wavelength  microwaves.  Sir  William  Herichcl 
discovered  the  piwence  of  energy  In  this  region  of  the  spectrum  In  1800 
while  exploring  the  distribution  of  energy  in  the  solar  siHJCtrum.  Using  a 
mcrcury-ln-giass  thermometer  as  a  detector,  he  found  that  the  thermometer 
(lid  not  reach  its  maximum  reading  until  it  hud  been  moved  a  considerable 
distance  beyond  the  red  end  of  the  visible  s|)ertrum, 
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Fiovrk  n*l  Kriation  of  Infrsrtd  to  other  rrshinii  of  the  elcctrcmagm'tic  »|>ectrum 

Figure  2\-l  shows  the  position  of  Infrared  in  the  electromagnetic  spectrum. 
'I'hc  usual  unit  lor  the  measurement  of  infrared  wavelength  is  the  micron 
(/*),  which  is  etjua!  to  10^  centimeters.  The  infrared  «i|>ectnirn  can  l)e 
roughly  divided  Into  three  parts;  the  near  infrared  from  .8  to  1.2  microns, 
the  Intern  ediute  infrared  from  1.2  to  7  microns,  am!  the  far  infrared  beyond 
7  micron.s.  'Phe  region  from  1.2  to  7  microns  is  the  most  important  from  the 
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military  standpoint  as  this  is  the  region  in  which  the  phoioconductive  detec¬ 
tors  are  useful.  This  is  also  the  region  into  which  most  of  the  Infrared  radia¬ 
tion  from  military  targets  falls. 

Since  all  objects  at  a  temjicrature  above  absolute  zero  emit  Infrared  radia¬ 
tion  to  some  extent,  many  objects  of  military  importance  are  unavoidably 
good  infrared  target.^.  The  intensity  of  the  radiation  Increases  and  the 
position  of  the  jjeak  intensity  moves  toward  shorter  wavelengths  as  the  tem¬ 
perature  i.s  increa.^ed.  If  one  imagines  a  material  such  that  all  the  radiant 
energy  falling  on  it  Is  absorbed,  regardless  of  its  wavelength,  it  would  be 
found  that  the  power  radiated  by  this  body  per  unit  area  of  surface  and  the 
spectral  distribution  of  this  radiated  power  Is  a  function  only  of  its  temper¬ 
ature.  Such  an  object  Is  called  a  blackbody.  While  ideal  blackbod’ts  do  not 
exist,  a  very  close  approximation  to  one  is  a  uniforndy  heated  enclosure  with 
a  small  aperture  through  which  the  radiation  emanates. 

The  spectral  distribution  of  energy  in  blackbody  radiation  Is  e:;presae(l  by 
the  following  formula,  known  as  Planck's  radiation  law: 


(21-1) 

where:  Wy,  dK  Is  the  radiant  emittance  within  the  wavelength  band  dA. 
c  is  the  velocity  of  light 
h  is  Planck's  constant 
A  is  the  wavelength 
T  is  the  absolute  temperattire 
k  is  Boltzmann's  constant 

If  the  above  expression  is  divided  by  dA,  the  spectral  radiant  emittance 
Wx  is  obtained.  This  is  the  radiant  emittance  per  unit  wavelength  Interval. 
(It  can  be  expressed  in  watts  per  .square  centimeter  p.'r  micron,  for  example.) 

If  Eq  (21-1)  is  differentiated  with  respect  to  A  and  placed  equal  to  zero, 
the  value  of  the  wavelength  corre.sponding  to  the  maximum  value  (»f  the 
spectral  radiant  emittance  is  obtained.  The  resulting  cxprc.ss!on  is 

=:  constant/T  (21-2) 

This  is  known  as  Wien  s  displacement  law.  It  shows  that  the  maximum  of 
the  blackbody  spectrum  shifts  toward  shorter  wavelengths  as  the  temperature 

Increased. 

If  IP\  dk  is  integrated  over  nil  values  of  A  the  total  radiant  emittance  Is 
obtained.  This  is  known  as  the  Stefun-Boltzmann  law. 
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d\  =  constant (r<)  (21-3) 


In  Figure  21-2  the  relative  spec¬ 
tral  radiant  emittance  is  plotted  as 
a  function  of  wavelength  for  black- 
bodies  at  several  different  tem|)era- 
tures.  This  figure  also  tlie 

shift  of  the  position  Oi  axima 
of  these  curves  toward  shorter 
wavelengths  as  the  temperature  is 
increased. 

A  graybody  is  deAned  as  one 
which  when  heated  haa  a  radiation 
spectrum  the  same  shape  as  that  of 
a  blackbody,  but  whose  spectral 
radiant  emittance  is  reduced  by  a 
constant  factor  throughout  the 
s{>ectrum.  The  emisaivlty  of  such 
a  body  is  deAned  as  the  ratio  of  its 
radiant  emittance  to  that  of  a 
blackbocly  at  the  same  tem|>era- 
ture. 

Many  gases  when  heated  are  alio  emitters  of  infrared  rradlation.  If  the 
vibration  and  rotational  energy  of  a  ga.s  have  the  pro|>er  values,  the  gas  will 
absorb  infrared  radiation  in  certain  regions  of  the  infrar#d  .sjicLtrum.  Since 
a  heated  gas  emits  radiation  of  the  same  frequencies  that  it  absorbs,  these 
gn.tes  will  also  radiate  In  the  Infrared  region  of  the  spectrum.  For  this  reason, 
this  ty|)e  of  radiation  is  not  continuous  ns  is  that  from  a  black  or  a  graybody 
but  is  com|)o.scd  of  lines.  These  lines  are  grout>ed  into  bands  in  various  spec¬ 
tral  regions. 


Fiousx  21-2  ReUtive  fpectrsi  radiant  tmlt- 
tf.nce  0?  blackbodiff  at  wveral  tampcraturci 
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21.2  Scattering  and  Ahaorptlon  by  the  Atmosphere 

In  any  contemplated  use  of  infrared  radiation,  the  attenuating  character¬ 
istics  of  the  intervening  media  must  be  taken  Into  consideration.  For  work 
at  low  altilude.s  the  carbon  dioxide  and  water  vai)«)r  in  the  atmosphere  are 
the  most  important  absorbing  constituents.  Figures  21-3  and  21-4  show  the 
fractional  transmission  of  infrared  as  a  function  of  wavelength  over  a  path 
of  1  nautical  mile  near  sea  level,  containing  17  mm  of  prccipitable  water 
vapor.  The  amount  of  precipitablc  water  vapor  is  deAned  a.s  the  thickness 
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Fiours  Atmoiphirlc  trinimlMlon  In  the 
1  to  5  5  micron  rexion  (Kef.  1) 


m  I 


Kiourk  21-4  Almonphertc  trinumiMion  In  the 
7.5  to  14  micron  region  (Kef.  1) 


(pathIcnKth)  of  water  which  would  be  present  If  all  the  water  vapor  In  the 
path  were  condensed  Into  llcpiid  water. 

FlKurcR  21-3  and  21-4  ^huw  Revcral  regions  of  hiah  trangmiRRion  called 
"windows**.  The  iib.sorptlon  band.i  which  Kei>arutc  these  window.s  arc  due 
either  to  COj  or  HjO,  as  indicated.  The  absorption  band  centered  near  2.7 
microns  Is  due  to  CO^  and  11:^0. 

The  concentration  of  COa  In  the  atmo.sphere  is  about  .033  percent  (Ref¬ 
erence  2)  by  volume.  This  value  remains  almost  constant  with  altitude.  The 
absolute  amount  of  COj  in  a  path  of  given  length  would  therefore  be  pro' 
portional  to  the  den.slly. 

For  radiation  In  the  spectral  regions  from  1.9  to  2.1  microns,  2.2  to  2.6 
microns,  and  2.9  to  4.1  microns  there  is  very  little  ab.sorption  by  COn.  There 
arc  strong  absorption  bands  at  2.7  and  4.3  microns.  The  attenuation  over  a 
5-kilometer  path  (3.1  miles,  a  reasonable  range  for  a  Kmall  alf-to-air  mi.s.slle) 
due  to  C*Oj  In  the  atmosphere  for  2.7  micron  radiation  would  vary  from  94 
percent  at  sea  level  to  about  43  percent  nl  40,000  feet.  For  radiation  of  4.3 
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microns  there  is  almost  complete  absorption  even  at  40,000  feet  for  a  path- 
length  of  5  kilometers.  Due  to  the  broad  transmission  regions  mentioned 
above,  the  absorption  by  CO2  in  the  1.2  to  7  micron  region  is  not  severe, 
even  at  sea  le^el,  and  becomes  even  smaller  as  the  altitude  increases, 

The  variation  of  H2O  vapor  with  altitude  is  shown  in  Table  2i-I  (Refer¬ 
ence  3).  These  are  average  values  for  the  eastern  part  of  the  United  States. 

TABLE  21-1.  Variation  of  Water  Vapor  with  Altitude 
Altitude  Absolute  Humidity 
(ft)  (g/m«) 

5000  14.0 

10000  8.8 

15000  4.4 

20000  2.3 

30000  1.2 

40000  0.0 1 


Computations  using  the  data  shown  In  Table  2M  indicate  that,  for  the 
spectral  regions  from  1.9  to  2.7  microns,  2.7  to  4.3  microns,  and  4.3  to  5.9 
mlcroiui  (Reference  4),  the  attenuation  due  to  water  vapor  alone  over  a  5- 
kilometer  path  at  sea  level  would  be  approximately  50,  50,  and  88  percent 
respectively.  The  attenuation  at  40,000  feet  for  the  1.9  to  2.7  micron  and 
2.7  to  4.3  micron  region  would  be  negligible  whereas  for  the  4.3  to  5.9  micron 
region  it  would  be  only  about  2  percent  for  a  S-kibmeter  path. 

While  CO2  and  Hi<iO  are  the  principal  absorbers  in  the  aiiriO.<^[jhere,  other 
constituents,  such  an  nitrous  oxide,  NyO;  methane,  CH^;  carbon  monoxide, 
CO;  and  hydrogen  deuterium  oxide,  HDO  (Reference  5)  have  absorption 
bands  in  the  infrared  region  but  play  minor  roles  in  military  applications. 
Ozone  has  a  relatively  strong  absorption  band  at  9.6  microns  and  weaker 
ones  at  about  4,7  and  14.1  microns.  Ozone  reaches  its  maximum  concentra¬ 
tion  at  about  80,000  feet  (see  Figure  22-12)  and  the  effect  of  its  presence  in 
the  infrared  s[>ectr&l  region  is  small.  This  is  particularly  so  in  the  region  of 
sensitivity  of  the  commonly  u.sed  photoconductors. 

Some  attenuation  of  Infrared  radiation  is  caused  by  scattering  due  to  the 
j)resence  of  Imzr  In  the  aimo.sphcre.  This  effect  is  most  pr»)nounced  at  low 
altitudes  and  at  the  shorter  infrared  wavelengths.  Fog  and  clouds  attenuate 
infrared  radiation  very  strongly.  It  is  estimated  (Reference  3)  that  the 
tran.smitt.ance  t)f  a  typical  cloud  In  the  near  Infrared  would  be  only  one  per¬ 
cent  for  a  pathiength  of  approximately  400  feet.  For  thi.s  re.rson,  the  use  of 
infrared  devices  at  low  altitudes  is  very  uncertain,  whercar  at  allllude.s  above 
about  30,000  feel,  weather  and  water  vapor  are  less  Important  factors. 
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21.3  Compariton  of  Infrared  Devices  With  Those  Employing  Micro¬ 
wave  end  Visible  Redietlon 

Some  of  the  advantages  of  infrared  over  microwaves  are;  1)  Due  to  the 
short  wavelengths  involved,  much  greater  resolution  can  be  obtained  with 
infrared  devices  which  use  very  much  smaller  “aper  ires"  than  with  micro* 
wave  devices.  /)  Since  many  infrared  systems  are  passive,  detection  of  their 
presence  is  difficult,  increasing  the  complexity  of  the  countermeasures  prob¬ 
lem  for  the  enemy.  3)  In  an  active  system  (c.g.  communications)  the  energy 
cannot  be  Intercepted  by  the  enemy  without  getting  directly  in  the  beam. 
4)  The  fiectronic  circuits  In  infrared  devices  are  usually  simpler  and  cheaper 
than  those  in  microwave  devices.  Since  radiation  chopping  frequencies  used 
in  infrared  techniques  arc  in  the  audio  range,  complicated  high  frequency 
techniques  are  avoided. 

Some  of  the  disadvantages  of  infrared  as  compared  to  microwaves  are: 
1 )  Clouds  and  water  vapor  greatly  reduce  the  effectiveness  of  Infrared  sys¬ 
tems.  2)  Infrared  sources  and  detectors  cannot  be  "tuned"  as  sharply  as 
microwave  devices.  This  means  that  much  power  is  wasted  because  It  Is  of  a 
frequency  to  which  the  detector  is  insensitive,  3)  Passive  infrared  systems  do 
not  give  range  information.  4)  Background  radiation,  particularly  In  daylight, 
is  often  troublesome. 

It  if  difTicuit  to  compare  Infrared  and  microwave  systemi  with  respect  to 
maximum  range  since  this  depends  on  many  factors.  In  general,  the  area  of 
a  target  for  radar  reflection  is  larger  than  the  area  for  infrared  radiation 
(i.e.,  the  radar  cross  section  of  an  aircraft  compared  to  the  area  of  its  tail 
plpe.s).  However,  neglecting  absorption  and  scattering,  the  signal  is  propor¬ 
tional  to  the  Inverse  fourth  power  of  the  range  in  reflecting  (active)  systems, 
whereas  It  drops  off  as  the  inverse  square  of  the  range  for  passive  systems 
where  the  target  is  the  source  of  radiation. 

Infrared  has  several  advantages  over  visible  radiation  for  military  pur¬ 
poses.  Some  of  these  are;  1)  Many  military  targets  are  at  temperatures  such 
that  considerable  infrared  is  radiated,  while  often  llitlc  or  no  visible  radia¬ 
tion  is  present.  2)  Since  infrared  is  invisible  to  the  human  eye,  greater  secur¬ 
ity  Is  possible.  3)  In  infrared  systems  advantage  can  be  taken  of  spectral 
filtering  to  remove  much  of  the  background  radiation  produced  by  scattered 
and  reflected  sunlight,  and  thus  achieve  greater  daytime  capability  than 
would  be  po.ssible  in  systems  using  visible  radiation.  4)  Infrared  is  slightly 
better  for  penetrating  fog  than  is  visible  radiation. 

21.4  Infrared  IMeciora 

One  of  the  principal  contributing  factors  to  the  present  day  cffccliveneis 
of  military  infrared  devices  has  been  the  great  progress  which  has  been  made 
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In  the  development  of  high-seniitivityi  ihort-tlme-conetnmt^  photoconductive 
detectors.  The^e  detectors  have  their  chief  usefulness  In  the  intermediate 
(IJ  to  7  niit  ns)  Infrared  region.  Photoemissive  cells  and  photographic 
techniques  can  uc  used  to  about  1.2  microns.  Before  the  advent  of  the  photo- 
conductive  detectori  exploration  of  the  region  beyond  1.2  microns  was  limited 
to  the  use  of  thermal  detectors  such  as  bolometers  and  thermopiles.  These 
devices  were  slow  and  frequently  of  low  sensitivity. 

The  action  of  a  photoconductor  does  not  depend  upon  a  heating  of  the 
detector  material  u  is  the  case  In  a  thermal  detector.  It  Is  a  quantum  effect 
involving  the  action  of  quanta  of  radiation  on  the  current  carriers  of  the 
conducting  materia!.  For  this  reason  the  time  constant  (defined  as  the  time 
required  for  the  detector  output  signal  to  decay  to  l/r,  or  approximately  37 
percent,  of  its  steady-state  value  upon  interruption  of  the  radiation  falling 
upon  it)  can  be  very  short.  Another  fundamental  difference  between  photo- 
conductive  and  thermal  detectors  is  that  the  spectral  response  of  photocon¬ 
ductors  varies  with  the  wavelength  of  the  incident  radiation  as  compared  to 

the  uniform  spectral  respon.^e 
of  ^'black",  i.e.,  perfectly  absorb¬ 
ing  thermal  detectors. 

Tht  chief  photoconductive 
materials  presently  being  used 
in  military  infrared  hardware 
are:  lead  sulftde,  PbS;  telluride, 
PbTo;  lead  selenide,  PbSe;  and 
indium  antimonide,  InSb.  Figure 
21-5  shows  the  spectral  respon.%e 
of  some  typical  photoconductors. 
In  these  curves  "Jones’  5”’ (first 
introduced  by  Dr.  R,  Clark 
Jones)  is  plotted  against  wave¬ 
lengths. 

Jones’  5  if  given  by  the  fol¬ 
lowing  ex{>fsslon: 


NKP 

(21-4) 


A  i.H  the  area  (ratio  of  actual  area  to  unit  area  to  make  the 
equation  dimensionally  correct) 


Fiovsk  ;i-5  Spfctrs)  respond  u(  typicsl 
photoconductori  (Hrf.  :t) 


where;  NKP  is  the  noise  equivalent  power 
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/  Is  the  center  frequency  (chopping  frequency)* 

A/  is  the  impiifler  bandwidth  (should  be  small  compared 
to/) 

5  is  then  the  value  of  the  NEP  of  a  timilnr  cell  in  what  is  known  as 
'‘reference  condition  C/’  This  condition  specifies  unit  cell  area  and  a 
bandwidth  A/  between  limits  i%  and  /}  such  that  /»//i  ==  e  (base  of  natural 
logarithms).  The  derivation  of  Jones’  5  is  based  on  the  auumption  that  the 
cell  is  current  noisedimited  and  that  the  noise  power  per  unit  bandwidth  is 
inversely  proportional  to  the  chopping  frequency.  This  condition  holds  for 
a  number  of  photoconductive  detectors.  The  chopping  frequency  should  be 
low  enough  so  that  the  full  cell  response  can  be  realized.  (The  cell  sensitivity 
increases  as  Jones'  S  decreases). 

It  is  necessary  to  cool  some  photoconductive  materials  in  order  that  the 
noi.He  level  m.iy  be  kept  sufficiently  low.  Lead  teliuride  must  be  cooled  to 
liquid  nitrogen  temperature  (-*  196 'C).  Indium  antimonide  is  usually  cooled. 
Lead  selenlde  can  be  used  at  room  temperature,  but  its  performance  Is 
greatly  enhanced  by  cooling;  lead  sulfide  Is  usually  used  at  room  temperature. 

Germanium  and  silicon  which  have  been  "doped”  with  certain  impurities 
are  sensitive  to  wavelengths  much  longer  than  the  other  photoconductors. 
Detectors  made  of  these  materials  are  now  being  manufactured  nnd  show 
con.Hlderable  promise  for  future  use. 

Table  21-11  shows  the  typical  characteristics  of  several  photoconducters 
(Reference  3). 

Rolometcis  and  thermcKouples  are  still  quite  useful  In  the  region  beyond 
6  microns.  Great  Improvcme  ts  have  also  been  made  in  these  devices  in 
recent  years.  Bolometers  with  time  constant.^  of  less  than  a  millisecond  are 
now  available.f 

Another  type  of  thermal  detector  is  the  Golay  cell.  This  cell  consists  of  a 
minute  cell  of  gus,  which  expands  upon  heating  as  a  result  of  absorbing  radia¬ 
tion.  The  expanding  gSA  deforms  a  metallized  diaphragm  whose  displacement 
is  indicated  by  an  optica)  lever  system.  The  evaporograph  is  a  thermal  detec¬ 
tor  which  can  be  used  as  nn  image-forming  device  in  whic).>  the  degree  of 
evaporation  of  a  Aim  of  oil  is  a  function  of  the  quantity  of  radiation  falling 
upon  it. 

Ift  cuitomary  to  **chop"  or  Interrupt  the  rsdlation  fsllinic  on  photoconductive 
deirctori  no  that  the  cell  diinal  can  be  ampliftod  by  4*c  methodi. 

trhermocouplei  and  ihcrmopllca  have  lu^en  for  many  yrars  a«  drtectori  of  infrared 
radiation.  They  are  relativity  alow  and  frequently  inp4»n»itive,  However,  thcrmocoupleii 
of  flood  aenfiitivlty  which  can  bo  ntodulated  at  frequrncien  of  lU  to  20  cycl?i  per  Mcond 
are  now  available.  Thete  are  extenulv^ly  uacd  in  apectrometeri. 
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TABLE  21-11.  Characttrliilci  ol  Phuluconductori 


PbS 

PM 

PbTt 

PbBf 

Of 

IS’  c 

-7S*  C 

— 196*  C 

—196*  C 

25*  C 

Stniltlvf  Area 

0.0!  to 

0.0!  to 

1  to 

1  to 

O.t  to 

(iq  cm) 

400 

4C0 

too 

100 

100 

Dtrk  ReibUnce 

O.t  to 

1  to 

1  to 

0.5  to 

0.0001 

(mcgohmi) 

10 

100 

100 

10 

to  5 

Tims  Constant 

5  to 

10  to 

5  to 

1  to 

0.2  to 

(awe) 

2000 

5000 

250 

ISO 

so 

Wsvclcnslh  of  p«ik 

l.s  to 

1.9  to 

1.5  to 

2  to 

1.6  to 

responM  (a) 

2.5 

2.7 

4.5 

6 

i.S 

Long  Wivelensth 
limit  of  rtipoDM  (m) 
(Rciponr#  down  to 
10%  of  p«ftk  phsM) 

3.2 

37 

6 

7 

1.9 

NCFD**  st  pttk  r«- 

sponM  (10 

5  to 

1  to 

20  It) 

100  to 

iO  to 

wstU/cm*) 

ICOO 

100 

1000 

1000 

1000 

*ThfM  data  art  bated  on  a  chopplna  friqurncy  of  90  cyclei  par  lorond  and  a  band¬ 
width  of  5  cycl««  par  Kcond. 

**NEFD  Ifl  nolta  aqulvalant  flux  drnilly  which  li  the  flux  denulty  at  tha  detector 
which  will  produce  unity  ilgnal-to-nolK  ratio. 

21.S  Prfndpl«t  Involved  in  lnfr«ir#d  Tracking  Devicee 

Thf  principal  threat  for  which  Infrared  countermetaurn  are  neededi  la 
that  preaented  by  air-to-air  infrared  homing  miallea  to  Jet  bombera.  Thete 
miuilei  have  been  very  lucceaaful  In  teats  against  drones  and  tow  targeis 
carrying  flares  to  provide  a  suitable  source. 

'Fhe  basic  optical  component  of  theae  and  most  other  infrared  devices  Is 
the  reflecting  teleKope.  The  use  of  reflective  optics  largely  climhistea  the 
difficulty,  encountered  In  this  region  of  the  apectrum,  of  flnding  suitable 
transmission  optics  and  provides  a  device  free  of  ‘'chromatic*'  aberration,  i,e., 
the  focal  iengih  of  the  system  does  not  change  with  the  wavelength  of  the 
radiation.  A  typical  optical  arrangement  is  shown  in  Figure  21-6.  ThU  re¬ 
sembles  the  casMgrainian  system  used  in  reflecting  telescopes.  A  true  casse- 
grainlan  telescope  hu  a  paraboloidal  primary  mirror  and  a  hyperbololdal 
secondary  mirror.  However,  since  extremely  high  Image  quality  Is  nut  re¬ 
quired  In  these  seekers,  some  compromise  In  favor  of  cheaper  com|)unents 
can  be  made.  For  this  reason,  the  primary  mirror  U  usually  a  spherical 
mirror  and  the  secondary  either  a  plane  or  a  spherical  mirror. 
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_ ^ _ The  phenomenil  fuccest  of 

A  this  type  of  missile  his  been  due 

^ " "  \  to  I  lirge  extent  to  two  Achieve- 

menti:  the  development  of 
1 1  .  „ .  short-time-constint  hlgh-sensi- 

j  tivlly  photoconductive  detectors 

and  the  development  of  meins 
by  which  i  smill  target  which 

occupies  only  i  small  pirt  of  the 
r.ou«r,  ?1.6  Optlci  .y.um  of  lyplc.l  ln(r..  ^  diltingulihed 

firom  its  bickground. 

The  princlpil  photoconductive  detectors  hive  been  described  earlier  in 
this  chapter.  A  brief  description  of  bickground  diKrimination  techniques 
will  be  given  here.  Since  the  ridiitlon  from  the  till  pipes  of  i  Jet  bomber 
hii  its  |)eak  In  the  vicinity  of  4  microns  ind  the  peik  of  the  sky  ridlitlon 
occurs  at  much  shorter  wavelengths,  i  considerable  improvement  in  target- 
signal  to  background-signal  ratio  can  be  achieved  by  spectral  filtering.  For 
this  purpose  an  interference  filter  with  its  short  wavelength  cutoff  at  about 
2  microns  or  a  germanium  filter  whose  short  wavelength  cutoff  Is  at  1.8 
microns  can  be  used.  The  lead  sulfide  detector  has  Its  long  wavelength 
sensitivity  limit  at  about  2.8  microns.  The  spectral  bandwidth  to  which  the 
detector-filter  combination  is  sensitive  Is  about  one  micron  wide  and  is 
located  M  a  value  where  very  little  signal  Is  produced  by  the  radial.on  from 
the  sky.  The  target  radiation,  however,  is  not  excessively  attenuated.  This 
filter  can  be  located  as  shown  In  Figure  21-6. 

The  other  technique  for  target  discrimination  is  bused  on  (he  difference  in 
size  betw^!n  the  Images  of  the  target  and  the  background  formed  at  the 
focal  plane  of  the  optical  system.  This  method  is  known  as  ^‘space  filtering'*. 
In  one  type  of  seeker,  a  rotating  reticle  or  **chopper'*  Is  placed  in  the  focal 
plane  of  the  optical  system  as  shown  In  Figure  2t-6  to  interrupt  the  signal 
at  a  definite  frequency  so  that  a-c  amplification  can  be  used  and  better  noise 
rejection  characteristics  can  be  obtained,  Suppose  the  reticle  has  the  form 
shown  In  Figure  21-7,  The  image  of  the  target  Is  represented  by  the  dot 
while  the  imagu  of  the  background  covers  the  entire  reticle.  It  can  be  seen 
that  the  background  radiation  passing  through  the  reticle  to  the  cell  will  be 
constant  regardless  of  the  position  of  the  reticle,  the  average  transmission  of 
the  reticle  being  about  fifty  percent.  I'he  target  radiation  will  be  modulated 
while  the  spoked  part  of  the  reticle  Is  passing  over  the  target  image  but  no 
nuululated  signal  will  l>e  produced  while  the  other  half  of  the  reticle  is  pass¬ 
ing  over  the  target  image.  In  Figure  21-8  the  radiation  flux  reaching  the 
detector  is  shown  as  a  function  of  time  (or  angular  position  of  the  reticle). 
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Fioum  23 <7  Reticle  pattern  (Refi.  6  and  7) 


of  time  for  reticle  shown  tn  Fig.  31*7  (Ref.  7) 


ftn\n  repreaenti  the  dux  reaching  the  detector  in  the  cbaence  of  a  target  (or 
when  the  target  Is  completely  obscured  by  an  opaque  spoke  of  the  chopper). 
This  radiation  Is  due  entirely  to  the  background,  /mai  represents  the  flux 
reaching  the  detector  with  the  target  present  (target  Image  falling  on  trans¬ 
parent  sector  of  the  chopper).  I  represents  the  flux  reaching  the  detector 
when  the  target  image  is  In  the  lower  half  of  the  reticle.  Since  the  lower 
half  of  the  reticle  has  approximately  fifty  |>ercent  transmission  fur  both  the 
target  and  background  radiation,  /  will  i>e  halfway  b(«tween  /mm  and  /mit* 
It  can  be  seen  that  the  difference  /m.i  —  /mm  will  increase  as  the  target 
moves  outward  on  the  rclirlc  (until  spoke  width  Is  equal  to  target  image 
width).  This  provides  a  measure  of  the  amplitude  of  the  a-c  component  of 
the  detector  signal  while  the  length  of  the  envelope  of  each  group  of  pulses 
will  remain  constant.  When  the  target  image  Is  exactly  at  the  center  of  the 
reticle,  the  target  radiation  reaching  the  detector  does  not  change  with  the 
angular  position  of  the  reticle  and  the  a-c  component  of  the  detector 
signal  Is  xero.  After  removal  of  the  d-c  component,  amplification  and 
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rectiflcatlon  of  the  detector  aigna!,  the  height  of  the  resulting  pulse  en- 
velo(>e  represents  the  error  signal  which  makes  tracking  iX)ssible,  while  the 
phase  relationship  with  respect  to  a  Axed  point  on  the  seeker  frame  can  be 
used  to  obtain  directional  information.  A  more  sophisticated  form  of  reticle 
is  shown  in  Figure  21-9.  In  this  reticle  the  error  signal  increases  with  radial 
di.splacement  until  the  target  image  reaches  the  approximate  position  of  the 
dotted  line.  After  this  region  Is  passed,  the  number  of  chopping  elements 
decreases  with  further  Increase  of  radial  displacement  and  causes  the  error 
signal  to  decrease  also.  This  technique  makes  the  seeker  less  susceptible  to 
countermeasures  In  which  a  false  target  is  employed  since  It  requires  that  the 
false  target  be  near  the  center  of  the  Acid  of  view  to  have  maximum  effective¬ 
ness,  A  seeker  with  this  type  of  response  Is  less  likely  to  be  confused  In  the 
presence  of  multiple  targets  than  one  with  the  response  previously  dcKribed. 
The  error  signal  as  a  function  of  error  angle  (angle  between  targets  and 
longitudinal  axis  of  the  seeker)  for  a  reticle  of  the  type  illustrated  in  Figure 
21-7  Is  shown  in  Figure  21-10,  The  error  signal  curve  for  the  reticle  of  Figure 
21-9  is  shown  in  Figure  21-11: 


FmuiK  21-9  Improved  form  of  reticle 
(Rtf.  7) 


# 


Fkiurk  21  >10  r.rror  ftlxtul  vertui  error  FioriiK  21-11  Krror  lisRsl  vcritui  error 
snsle  for  reticle  »hown  In  FIr.  21-7  snRle  for  reticle  »hown  In  FIr,  21-9 
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In  ftctua)  practice  a  checkered  pattern  is  often  used  instead  of  the  spoked 
patterns  which  have  been  ciescrlbed.  The  chief  advantage  of  the  checkered 
pattern  over  the  others  is  that  It  shows  !ess  response  to  gradients  in  the 
background  radiation  that  tend  to  lie  along  the  radius  of  the  reticle;  a  cloud 
edge,  for  example. 

In  one  type  of  Infrared  seeker  the  rotating  reticle  is  mounted  as  a  part  of 
the  rotating  member  of  a  gyroscope.  The  error  signal,  through  magnel'c 
coupling,  produces  a  torque  of  the  proper  phase  and  magnitude  to  cause  the 
gyroscope  to  precess  in  such  n  manner  that  the  telescopic  system  accurately 
tracks  the  target.  In  some  systems  the  primary  mirror  is  also  the  rotor  of  the 
gyroscope. 

The  first  infrared  missiles  used  the  lead  sulfide  cell  with  a  suitable  Hlter 
and  had  a  useful  sen.sitivity  in  the  region  from  1.8  to  2.8  microns.  Develop¬ 
ment  of  alr-lo-air  missiles  employing  pholoccnductive  detectors  sensitive  to 
longer  wavelengths  Is  in  progress.  This  has  the  following  advantage, s: 
1)  Many  military  targets  have  temperatures  .such  that  the  peak  of  their 
radiation  occurs  l)etween  3  and  5  microns.  2)  The  spectral  bandwidth  of 
these  longer  wavelength  detectors  is  wider;  hence  more  power  Is  available. 
3)  There  Is  less  background  radiation.  4)  These  factors  result  In  an  lncrca.se 
in  the  signal-to-nolse  ratio  in  Mpite  of  the  fact  tliut  these  longer  wavelength 
detect(trs  are  usually  less  sensitive  than  lead  sulHde  detectors.  Charactenstlcs 
of  some  typical  air-to-air  infrared  missiles  are  listed  in  Table  21-I!I. 

TABLE  21-111.  Characteristics  of  Some  Typical  Infrared 
Air-to-AIr  Mls.slles. 

Range  18,000  to  36,000  feel 

Speed  Much  2  to  3 

Length  6  to  10  feet 

Diameter  5  to  1 1  Inches 

21.6  Infrared  (^harnclerisUci  of  Jet  Aircraft  Targets 

All  aircraft  arc  emitters  of  infrared  rudinllon.  The  only  ones,  howcvt*r, 
which  will  be  discussed  here  are  jet  aircraft  since  from  a  military  slnndp{)int 
they  are  of  ruich  greater  importance  and  since  their  Infrared  output,  In 
general,  far  exceeds  that  of  propeller  driven  craft, 

There  are  three  Important  .sources  of  Infrared  radiation  In  Jet  alrcrait. 
Thc.se  are;  1)  The  radiation  from  the  hot  metal  putts  of  the  Jet  engine  (tur¬ 
bine  am!  tail  pipe).  2)  The  radiation  from  the  hoi  ga.ses  behind  the  aircraft 
In  the  plume.  3)  'I'he  radiation  from  acrodynamically  healed  surfaces,  Hy 
far  Ihc  most  Impitrtant  of  these  is  the  radiation  emitted  by  the  hot  metal 
parts  of  the  engine.  1‘hc  plume  radiation  is  confined  chiefly  to  the  .spectral 
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regions  in  which  the  principAl  combustion  products,  and  HyO,  have 
their  absorption  bands.  Radiation  due  to  aerodynamically  heated  surfaces 
is  negligiblf  for  subsonic  aircraft,  but  v/lil  probably  be  a  major  source  of 
radiation  from  aircraft  such  as  the  Mach  3  bomber.  Figures  21-12,  21-13, 


fiooxx  2l«!l  Kfidiftticn  pattern  lur  F9K 
aircraft  (Rc?.  6) 


Fiuvkk  21  *U  Radiation  pattern  for  M'47 
aircraft  (Kef.  6) 


Fkii'XK  21 -U  Radiation  pattern  for  D  52 
aircraft  (Ref.  6) 


and  21  14  show  the  radiation  patterns  of  an  F9F,  a  B-47,  and  a  B-S2  air¬ 
craft  rrs{)cctively.  The  values  are  shown  in  effective  watts  per  steradian.  This 
is  the  power  within  the  2.0  to  2.6  micron  wavelength  region  which  is  effcclive 
In  producing  a  signal  in  u  .seeker  equipi>ed  with  a  lead  sulfide  cell  after  al¬ 
lowance  ha.s  been  made  fur  atmospheric  absorptlon.s,  optical  filter  tran.smis- 
sluit,  and  cell  response.  I'hcse  patterns  were  measured  at  the  Naval  Ordnance 
Test  Station,  China  Lake,  California.  The  Instrumentation  was  located  on 
the  ground  while  the  aircraft  Hew  in  a  pattern  at  low  altitude.  Dotted  por¬ 
tions  indit  lie  regions  in  which  measurements  were  not  made, 
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The  pattern  for  the  ilngle  Jet  F9F  ahown  In  Figure  21-12  ahowi  a  iome- 
what  higher  maximum  value  than  the  B-47.  Thix  ii  due  to  the  much  higher 
tall  pipe  temperature  of  the  F9F  (600X  as  compared  with  40C''C).  Sonie 
earlier  Jet  aircraft  with  a  more  exposed  tail  pipe  showed  an  almost  perfect 
cosine  distribution  In  their  near  Infrared  radiation  pattern.  The  F9F  has  a 
less  exposed  tail  pipe  and  consequently  the  pattern  has  been  modlAed  some¬ 
what  (see  Section  22.7  on  shielding  jet  engines). 

Figure  21-13  shows  the  radiation  pattern  for  the  B-47  (equipped  with 
six  J-47  engines)  for  the  same  spectral  region.  The  exhaust  gas  temperature 
at  which  this  curve  was  made  was  400  X.  This  temperature  would  correspond 
to  a  throttle  setting  which  would  give  maximum  range  if  the  aircraft  were  at 
about  35,000  feet  altitude.  The  speed  under  these  conditions  would  be  about 
Mach  0.7.  At  full  throttle  the  output  would,  of  course,  be  much  greater. 

Figure  21-14  shows  the  pattern  for  a  B-52  aircraft  equipped  with  eight 
J-S7  engines.  The  increased  output  over  the  B-47  is  due  to  the  following 
facts:  1)  The  engines  are  larger.  2)  There  are  eight  of  them  Instead  of  six. 
3)  The  J-57  engine  produces  less  smoke  than  the  J-47  does.  Both  these  air¬ 
craft  show  considerable  forward  radiation  which  may  be  due  to  radiation 
through  the  engine  intakes,  or  to  reflections  from  the  aircraft  skin. 

The  output  in  this  region  of  the  spectrum  is  due  almost  entirely  to  the 
radiation  from  the  hot  metal  parts  of  the  engine,  very  little  originating  from 
the  plume  (Reference  7).  The  infrared  output  of  a  Jet  engine  is  strongly 
dependent  on  temperature;  as  hat  already  been  shown,  the  Stefan-Boltsmann 
law  Indicates  that  the  total  radiated  output  of  a  blackbody  Is  proportional  to 
the  fourth  power  of  the  absolute  temperature.  For  a  limited  range  of  wave¬ 
length  and  in  the  proper  temperature  region  the  de|>endence  of  radiated 
output  on  temperature  is  much  greater  than  this.  This  is  true  because  a 
larger  fraction  of  the  total  output  Is  in  the  region  of  interest,  since  the  nnaxi- 
mum  of  the  bl&ckbody  shifts  toward  shorter  wavelengths  aa  the  temperature 
is  increusiHi.  In  the  2.0  to  2.6  micron  spectral  region  and  for  the  temperature 
range  400  C  to  700  C,  it  has  been  found  that  the  radiated  outptu  from  a 
Jet  engine  varies  approximately  as  the  seventh  power  (Reference  7)  of  the 
absolute  temperature  as  indicated  by  an  unc(K}led  lead  sulfide  detector.  The 
following  example  will  illustrate  this.  Suppose  (i  blackbody  to  have  a  tem¬ 
perature  of  500  C.  The  total  output  of  this  source  would  be  2  watts  |)er 
square  centimeter.  For  a  temperature  of  500  C\  5.5  percent  of  the  total 
output  is  in  the  2.0  to  2.6  micron  region.  Thus  the  output  In  this  band  would 
be  0.11  v;atts  per  square  centimeter.  Suppose  the  temperature  of  the  black¬ 
body  to  be  rai.sed  to  600  C.  The  total  output  would  now  be  3.3  watts  per 
square  centimeter  and  of  this  .27  watts  per  square  centimeter  or  8.2  |)ercenl 
would  he  In  the  2.0  to  2.6  micron  region.  The  ratio  of  those  two  value.s  is 
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.27/.  11  =  2.45.  If  the  output  in  this  spectral  region  varied  as  the  seventh 
power  of  the  absolute  temperature,  the  ratio  would  be 


It  can  \>€  seen  that  the  seventh  power  law  hoida  reasonably  well. 

The  radiation  output  vuluej  shown  in  Figures  2 M3  and  2M4  for  the 
H-47  and  B*52  respectively  were  taken  at  throttle  settings  considerably  below 
full  military  power.  Later  measurement  (Reference  8)  made  on  the  B-47  and 
B-52  at  35,000  feet  under  conditions  of  full  military  power  showed  maximum 
values  (In  the  1.9  to  2.6  micron  region)  from  the  B-47  to  be  as  high  as  10(X) 
to  12C0  watts  per  steradian  and  from  the  B-52  to  be  os  high  as  3X0  watts 
per  Kterudian,  These  increased  values  over  those  which  were  made  at  low 
altitudes  can  easily  be  explained  by  the  higher  tall  pipe  temperature  involved 
when  the  throttles  arc  set  for  full  military  tx)wer. 

The  character  of  the  radiation  from  the  hot  metal  parts  of  a  Jet  engine 
resembles  that  of  a  blackbody  in  spectral  as  well  as  In  spatial  distribution. 

Figure  2M5  shows  the  relative 
spectra]  irradiance  of  the  radiation 
from  the  tall  pipe  of  a  J-S7P3  en¬ 
gine  cn  the  ground  at  close  range 
(120  feet).  Except  for  the  strong 
absorption  bands  due  to  HyO  and 
COy  near  2.7  miertma  and  due  to 
COy  nt  4.3  microns*  the  sj)ectrum 
resembies  that  of  a  blnckbody 
fairly  closely.  The  peak  occurs 
near  3.4  microns.  A  black  body  with 
its  |>eak  at  this  wavelength  would 
have  a  lem|)craturc  of  570  C.  This 
Is  In  reasonable  agri'cmenl  with  the  measured  value  of  5ir’C  when  one  con- 
slrlers  the  dlftkully  of  determining  the  |H)sllion  of  the  |)eak  in  the  measured 
.spectrum  due  to  the  absorption  of  the  interveiiliig  atmosphere  and  the  com¬ 
bustion  products. 

Spectral  measurements  of  the  plumes  of  Jet  engines  show  that  most  of  the 
energy  is  concentrated  in  the  regions  near  2.7  and  4.3  microns.  This  radiation 
has  Its  origin  in  the  hot  COy  and  HyO  which  arc  the  principal  combustion 
|)ro(lucis.  Since  the  outer  jmrtlon  of  the  plume  and  the  atmosphere  co:*tain 
COy  and  HyO  at  a  lower  temperature  than  that  near  the  center  of  the  plume, 
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close  to  the  nossle,  considerable  energy  at  the  centers  of  these  bands  is  ab¬ 
sorbed.  I’lume  radii>;!on  is  nut  particularly  important  in  the  2.7  micron  spec¬ 
tral  region,  it  hav;  been  estimated  that  as  much  as  95  percent  of  the 
radiation  in  the  lead  sulfide  region  (1.8  to  2.8  microns)  originates  from  the 
tail  pipe.  The  chief  significance  of  the  plume  radiation  Is  that  it  has  a  much 
broader  spatial  distribution  pattern  than  does  the  radiation  from  the  tail 
pipe.  There  is  considerably  more  energy  from  the  plume  In  the  4.3  micron  region 
of  the  spectrum  than  in  the  2,7  micron  region,  although  it  is  still  much  less  than 
that  of  the  tall  pipe.  The  ratio  of  the  output  In  the  4.3  micron  band  to  that  in 
the  2.7  micron  band  may  vary  by  almost  a  factor  of  10  and  may  be  as  much 
as  25  or  30.  Since  the  2.7  micron  band  radiation  falls  off  more  rapidly  with 
tcmt>crature  than  does  the  radiation  at  4.3  microns  the  ratio  mentioned 
above  increases  with  altitude,  because  of  the  lower  throttle  settings  and 
correspondingly  lower  temperature  usually  Involved.  Total  plume  radiation 
drops  rapidly  with  altitude.  Measurements  have  .shown  that  at  40,000  feet 
the  plume  radiation  in  the  2.7  micron  region  Is  down  to  about  six  percent 
of  its  ground  level  value,  while  the  plume  radiation  in  the  4.3  micron  region 
is  down  to  about  45  percent  of  Its  ground  level  value  (Reference  9).  The 
radiation  In  the  4.3  micron  region  at  40,000  feet  would  be  about  ten  i^crccnt 
of  the  tall  pi{>e  radiation.  At  sen  level  the  plume  radiation  of  the  J-57  engine 
lr>  the  region  l^etween  4  and  5  microns,  for  a  throttle  setting  of  93  percent 
would  be  about  ilO  watts  per  steradian  from  tail  aspi^ct  (Reference  3).  At 
AO, 000  feet  this  would  drop  to  about  50  watts  |>er  steradian. 

The  infrared  raoiution  from  an  aircraft  Is  greatly  Increased  by  the  use  of 
an  afterburner,  the  output  of  an  engine  sometimes  increasing  by  a  factor  of 
50  or  more  when  its  afterburner  Is  turned  on, 

In  the  case  of  some  sumsjnic  aircraft  the  radiation  from  the  acrody- 
narnically  heated  skli:  will  probably  be  much  greater  than  that  from  the  hut 
metal  parts  of  the  engines  and  the  Jet  plumes  combined.  It  has  been  esti¬ 
mated  that  tt  six-engine  aircraft.  Hying  at  a  s|>ecd  of  Mach  3  at  an  altitude 
of  75,000  feet  may  have  ii  .^k!n  radiation  of  as  much  as  60  kilowatts  i>er 
steradian  for  the  3.0  to  5.2  micron  band  in  some  directions  if  the  skin  mate¬ 
rial  is  In  an  oxidised  condition  (Reference  10). 

Afterburner  plume  radiation  is  expected  to  practically  negligible  com¬ 
pared  to  that  of  the  skin.  This  is  due  to  the  fact  that  at  these  high  speeds 
there  is  a  great  reduction  in  pressure  as  the  lujt  gases  leave  the  engine  noxxle. 
'rhis  large  change  In  gas  pre.ssurc  is  accompanied  by  a  corre.spondlng  drop  in 
;em|>rrrilurc.  The  resulting  plume  temperature  behind  the  aircraft  will  prob¬ 
ably  be  less  than  500  C  and  the  plume  radiation  In  the  4,3  micron  region 
will  probably  be  less  than  I  kilowatt  per  steradian,  even  when  all  six  engines 
can  be  seen  by  the  detector, 
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The  other  lourcei  of  radlntion  In  thh  aircraft  will  be  the  engine  Intakes 
which  may  have  temperatures  as  high  as  300 'C  and  the  hot  metal  parts  of 
the  engines.  The  total  output  of  the  six  engines  will  probably  not  be  mure 
than  4  kilowatts  per  steradian  in  the  4.3  micron  region.  The  view  of  the  hot 
metal  and  gases  within  the  engine  will  be  somewhat  restricted  by  long  ex¬ 
haust  noaslei. 

21.7  Radiation  Characterlstlca  of  Air*to«Alr  Rockets 

The  infrared  radiation  characteristics  of  rockets  are  also  of  Interest  in  .n 
diKussion  of  infrared  countermeasures.  This  Is  because  use  can  be  made  of 
the  radiation  from  the  rock*>t  motors  of  missitcH  In  warning  systems.  (See 
section  on  engagement  warning  systems.  Section  22-10.)  Ultraviolet  measure¬ 
ments  on  rockets  have  also  been  made  In  this  connection. 

Table  21 -IV  shows  radiation  characteristics  of  air-to-air  rockets  in  the  infra¬ 
red  in  kilowatts  per  steradian  at  nose-on  ns}>ect  (Reference  11).  The  number 
in  parentheses  following  the  average  values  indicate  the  burning  time  in 
seconds  over  which  the  average  was  taken.  Those  following  the  maximum 
values  indicate  the  time  at  which  the  maximum  occurred.  These  values  are 
from  the  nose-tm  ast)ect.  Measurements  were  made  at  a  range  of  500  feet. 
No  corrections  have  been  made  for  atmospheric  absorption.  These  measure¬ 
ments  were  made  at  the  Naval  Ordnance  Test  Stationi  China  Lake,  Califor¬ 
nia,  where  the  water  content  of  the  atmosphere  is  quite  low. 

TABLE  IV.  Radiation  Characteristics,  Air-to-Air  Rockets. 


Typf 

1.S-Mm 

1.^7^ 

Rocket 

svrrsge 

mix 

tvcragi 

mix 

KPAR  MK  2  Mml  o 

O.tO  (1.6) 

0.16  (0.7) 

0.50  (1,9) 

0.50 

(1  0) 

KKAK  Kxpcrimentil 

l.i  (0  7) 

2  2  (0.5) 

1.0  (1.5) 

2.0 

(04) 

FPAR  107  B 

0.15  (1.6) 

0.47  (OJ) 

0.55  (1,3) 

1.1 

(0.9) 

HVAK 

1.0  (1.1) 

1.7  (0.4) 

5.;  (1.5) 

6.0 

(05) 

Zunl 

6.S  (1.2) 

0.0  (05) 

19.0  (1.6) 

54.0 

(0.9) 

HPAG 

0.05  (1.5) 

0.50  (O.l) 

C.16  (2.2) 

0.2S 

(0.2) 

^ABLE  21-V.  Radiation  Characteristics  of  Several  Rockets 
in  the  Ultraviolet 

Type  Kncket  Motor 

Minirnu*'4 

Miximum 

FFAK  MK  1  Mod  5 

o.« 

0.15 

PFAK  MK  2  Mod  0 

5.0 

SO 

FFAR  Kxp  X.|2 

12.0 

15.0 

HVAK  MK  10  Mod  6 

18.0 

27.0 

HPAG  125  G 

0.2 

0.8 
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Table  21-V  dhows  the  radiant  intensity  of  the  2600  A  to  2900  A  ultraviolet 
region  of  the  spectrum  for  several  rockets  (Reference  12).  These  measure¬ 
ments  were  also  made  at  nose-on  aspect  at  a  ra  ige  of  500  feet.  Values  are  in 
milliwatts  per  steradlan. 

2L8  Radiation  Characterictica  of  Ground  Targets 

Ground  targets  and  ground  installations  are  also  emitters  of  infrared 
radiation.  However,  there  is  not  a  great  deal  of  quantitative  data  available 
on  their  radiation  characteristics.  Ground  targets,  being,  in  general,  at  lower 
tem|)erature  than  aircraft  targets,  radiate  at  correspondingly  longer  wave¬ 
lengths.  Since  the  radiation  from  ground  targets  must  ^ss  through  the  at¬ 
mospheric  layer  near  the  earth  (which  contains  considerable  COj  gas  and 
H)iO  vapor),  the  atmosphere  windows  shown  In  Figure  21-3  and  21*4  are 
im{)ortant  considerations.  Much  of  the  ground  radiation  pa.Hses  through  the 
4.5  to  5  and  the  8  to  13  micron  windows.  For  this  reason,  the  photoconduc- 
tors  sensitive  to  the  longer  wavelength  (such  as  PbSe  and  PbTe),  and  thermal 
detectors  such  as  bolometers  are  much  more  useful  than  lead  sulfide  cells.  It 
is  conceivable  that  the  radiation  from  ground  targets  such  as  ciMcs  and 
inillury  installaiioits  might  be  used  for  terminal  guidance  of  air-to-ground 
or  surface-to-surface  missiles.  So  far  the  effort  in  this  direction  has  been 
chiefly  limited  to  short  range  tactical  applications  such  as  infrared  guidance 
for  anti-tank  weapons  or  guided  bombs. 

It  has  been  estimated  that  a  tank  which  would  probably  have  a  temper¬ 
ature  in  the  range  of  100  C  should  be  detectable  by  infrared  means  at 
ranges  of  1  to  2  miles  (Reference  3)  during  the  day  and  2  to  4  miles  at 
night. 

Another  alr-to-surface  application  of  Infrared  is  the  possibility  of  detecting 
submarine  wakes,  due  to  the  fact  that  there  !s  a  slight  temperature  gradient 
between  the  wake  and  the  surrounding  water. 

Since  the  temt)erature  and  emissivitles  of  various  types  of  terrain  have 
different  values,  It  has  been  possible  using  Infrared  techniques,  to  obtain  very 
accurate  high  re.Holutinn  maps  of  ground  installations.  Concrete  runways,  for 
ln.stance,  are  easily  distinguishable  from  thr  ground  and  grass  adjacent  to 
them.  Vehlcle.s  with  Ihclr  engines  running  '  ‘her  objects  at  different  tem¬ 
peratures  from  the  background  such  as  anu....  .  have  been  clearly  detected. 
It  should  be  mentioned,  however,  that  any  device  u|>erAting  by  means  of 
infrared  radiation  from  ground  targets  Is  rendered  useless  by  heavy  rain  or 
cloud  cover. 
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22.1  Introduction 

Infrared  countermrtiturt&  fur  aircraft  are  neccMary  to  dtftrade  the  effective- 
nett»  uf  enemy  infrared  Kuided  miiudics  and  reconnaLHsance  devices.  This  is 
particularly  true  of  strategic  bombing  aircraft  which  radiate  large  quantities 
uf  Infrared  and  which  operate  at  altitudes  where  weather  Is  seldom  an  Inter¬ 
fering  fiictur. 

There  is  a  funflamenta!  diflerence  between  Infrared  and  radar  counter¬ 
measures  In  that  infrared  devices  cannot  be  jammed  In  the  usual  sense.  In¬ 
frared  homing  wea|>ons  arc  passive,  that  Is,  they  do  not  dc|>end  on  reflected 
radiation  from  an  active  source  for  their  oi)eration.  They  operate  solely  on 
the  radiation  which  originate-  from  their  Intended  target.  For  this  reason 
almost  all  Infrared  countermeasures  are  based  on  two  basic  concepts,  'Ihcsc 
are;  the  false  target  and  the  suppression  of  radiation  reaching  the  detector 
of  the  seeker  or  reconnaLssance  device.  I'he  false  target  may  have  a  number 
of  different  forms.  It  may  l)e  a  .strong  source  ejected  from  the  aircraft  .such 
as  a  llare,  It  may  consist  of  nuMluluted  beacons  on  the  wingtips  a  source 
which  Is  towed  iH^himl  the  aircraft. 

techniques  which  arc  ba.sed  on  the  principle  of  radiation  reduction  include 
the  shielding  and  ciailing  of  jet  engines  and  the  use  of  .'tmokes  and  .screening 
agents.  In  the  case  of  airborne  targets  such  as  u  boinlicr  type  aircraft  the 
evasive  maneuver  may  be  included  in  the  category  of  radiation  rrduct'o;]. 
Since  it  is  not  in  general  {xissible  for  a  heavy  aircraft  to  change  it.*,  course 
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rapidly  enough  to  outmaneuver  a  short  range  air-tU’Slr  missile,  the  chief 
purpose  of  evasive  tactics  Is  to  present  a  less  favorable  aspect  to  the  ap¬ 
proaching  missile.  The  various  countermeasure  techniques  are  discussed  more 
fully  below. 

22.2  F«1s9  Tarpeta  Launched  From  Aircraft 

The  false  target  has  been  shown  to  be  an  effective  countermeasure  for  the 
protection  of  subsonic  Jel  aircraft  against  infrared  homing  air-to-air  rninsiles. 
The  false  target  in  Its  common  form  consists  of  a  pyrotechnic  flare  similar  to 
those  which  have  been  used  for  illumination  and  identifleation  purposes. 
These  flares  consist  of  a  fuel  such  as  finely  )H)wdered  magnesium  or  aluminum 
and  an  oxidant.  The  fuel  and  oxidant  must  be  uniformly  mixed  and  pressed 
in  a  mold  to  a  density  which  allows  the  flare  to  burn  uniformly  during  Its 
life.  One  such  flare  is  composed  of  magnesium  as  the  fuel  and  sodium  nitrate 
Hs  the  oxidant.  A  stoichiometric  flare  made  of  these  meterInU  would  l)e  about 
^Vfi  magnesium  and  58'/^  sodium  nitrate  by  weight.  The  chemical  reaction 
Involved  Is: 


5  Mg  +  2  NttNO.,  -  5  MgO  I  Na^O  -f  Nj 

In  prucilcf,  the  composition  usually  differs  slightly  from  sloichlometric 
and  a  .small  amount  of  binder  Is  used,  the  basic  formula  for  a  typical  flare 
(Reference  1)  being  47. 67^  magnesium,  47.67  sodium  nitrate  and  4.H7 
binder.  Flares  of  a  cumtH)sitiun  similar  to  this  have  been  shown  to  have  an 
(UUput  of  .SOO  watts  |)cr  steradian  (Reference  2)  In  the  2  to  2,5  micron 
region  (fur  n  Yi  txmnd  flare  with  a  burning  time  of  H  sccon«i«). 

It  is  not  neces.sary  that  the  ^‘oxidizing"  agent  in  the  flare  contain  oxygen  to 
maintain  the  energy  releasing  chemical  reaction.  A  flare  com{H>sed  of  mag¬ 
nesium  and  Teflon  (polyletrafluoro  ethylene)  has  also  shown  promise  a*4  an 
infrared  countermeasures  source.  Such  a  flare  might  consist  of  approximately 
equal  parts  of  magnesium  and  Teflon  to  yield  n  output  of  almost  1.) 
kilowatts  per  steradian  In  the  1.8  to  5.4  micron  region  of  the  sfwctrum. 

'I'he  reaction  involved  In  the  Teflon  flare  is  rcpre.tentcd  by  the  following 
c(|uatiun. 


M  \  (CaF,).  =  Mh\  + 

M  is  a  metal  such  as  magnesium  or  aluminum,  fCyF4)/  repre.sents  Teflon 
(polytetrafluoro  rthylrne).  The  reaction  products  are  u  fluoride  of  the 
metal  involved  and  carlK)n.  Atmospheric  oxygen  will  oxidize  .some  of  the 
carbon  to  (*()j  and  possibly  combine  with  (he  metal  constituent  to  produce 
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metallic  oxides,  Detailed  data  on  a  Hare  of  this  lypf!  are  shown  below  (Ref¬ 
erence  3): 

Composition— Approx.  I :  I  ratio  of  Teflon  and  magnesium  by  weight 

Shape — Cylindrical 

Volume — 54.75  cubic  Inches 

Surface  area — S0.2  square  inches 

Burning  time — ?2  seconds 

Peak  power  output — 12,675  watts  per  steradlan 

Output  power  at  1 1  seconds — 6,337  watts  per  steradlan 

Total  energy — 122,772  watt-seconds 

Specific  energy  output — 79.5  watt-sreonds  per  gram 

Spectral  region — 1.8  to  5.4  microns 


The  output  versus  time  curve  for  this 
flare  is  shown  in  Figure  22-1. 

Another  Infrared  countermeasures  source 
which  can  be  ejected  from  nn  aircraft  In 
flight  Is  known  as  the  ‘‘Ball  of  Fire*'  (Refer¬ 
ence  4).  This  device  as  originally  proiwsed 
would  consist  of  a  reaction  similar  to  the 
familitfr  “thermite"  reaction,  In  which  an  ex¬ 
change  of  oxygen  takes  place  with  the  relense 
of  large  quantities  of  heat.  The  reactants 
would  be  encloi^ed  In  a  thin  graphite  shell  which  constitutes  the  radiating 
surface.  A  large  number  of  |>08.Hlble  chemical  combinations  ha*  e  been 
suggested.  A  few  of  these  arc  given  below; 


‘441  I  I  I  I'  4  i  1  I  I  I  I-  I  I  I  F  I  P  I  1 1  I  I  »  k  I  I  I  I  h 


KMirK»:  22‘\  Burning  chsricirr- 
i»tirik  of  KIor«  Hnrr  (Keferencr  .«) 


1.  3Fc.,04  d-  8  A1  4  AhOn  +  '^Fc 

2.  \V().i  +  2Al  —  AIjOa  I  W 

3.  WO;,  }  3C*a  3CaO  I  W 

4.  MoO;,  3Mk  3MkO  Mo 

A  ypical  device  (Reference  5)  consists  of  a  4-inch  diameter  graphite  shell, 
0.080  inch  thick,  which  is  fdled  with  a  mixture  of  ttmgsten  oxide  (WO;,)  and 
ulumlnum.  The  reaction  Involved  Is  that  shown  in  (2)  alH>ve.  It  is  indicated 
that  such  a  device  when  Ignited  wlil  •■adinle  epproxinmiely  1  kilowatt  per 
.Hieradian  and  vdll  reach  a  Icinperatiirr  of  2100  K  to  240(  K.  A  typical 
Hall  of  Fire  Is  ignited  by  several  htn  wire  ignition  points  and  has  vent  holes 
covering  about  10  |)crcenl  of  its  area  to  relieve  the  internal  stress  produced 
by  the  reaction. 

Since  Halls  of  Fire  involve  a  self  contained  nonexpanding  reaction,  it  wan 
thought  that  they  should  be  superior  to  a  burning  process  In  which  the 
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matcriu!  wait  dispersed  in  the  form  of  Kitseous  reaction  products  or  solid 
particles  In  the  form  of  smoke  This  would  allow  the  size  and  wcljijht  of  the 
bull  of  fire  to  remain  approximately  constant  and  thus  maintain  the  weight- 
to*drag  ratio  for  the  countermeasure  at  a  value  which  \>ould  produce  better 
ucr;Hlynamic  characteristics  than  could  be  achieved  in  a  source  which  was 
consumed  as  it  burned. 

In  actual  firings  of  Balls  of  Fire  it  has  been  found  that  they,  like  conven¬ 
tional  flares,  produce  a  considerable  amount  of  smoke,  This  smoke  consists 
largely  of  solid  particles  of  the  reaction  products  produced  during  burning. 
'Fhis  smoke  emanates  through  the  vent  holes  which  are  neccs.sary  to  relieve 
internal  stresses.  The  characteristics  of  Balls  of  Fire,  therefore,  do  not  seem 
to  differ  in  any  Important  res|>ects  from  tho.se  of  pyrotechnic  flares.  'Fhe 
flares  have  the  advantage  that  they  are  probably  somewhat  simpler  to  pack¬ 
age  and  dis|)cnse  than  Balls  of  Fire  would  be.  Some  problems  and  lech 
niques  related  to  the  use  of  active  countermeasure  sources  arc  discu.ssed  in 
the  next  section. 

An  active  countermeasure  source  shouhl  be  dominant  over  the  target  It  is 
intended  to  pr<itect.  The  relative  Intcnsiiy  of  the  decoy  source  depicnds  on 
several  factors,  one  of  which  is  the  nmflguration  of  the  engines,  i.e.,  whether 
it  is  tt  single  or  multlenginc  aircraft  (Reference  6).  The  ratio  (d  source 
intensity  to  target  Intensity  required  also  dcjiends  on  the  separation  rH:e  of 
the  target  and  source  and  i»n  the  range  and  direction  »»f  approach  of  the 
missile.  Typical  air-to-air  missiles  use  a  projmrtionul  navigation  system  and 
fly  what  is  known  as  a  lead  collision  course.  In  this  ty)>e  of  guidance  the 
velocity  of  the  target  neetl  not  be  known  In  order  that  a  collision  rourw?  be 
pursad.  The  diagram  in  Figure  22-2  shows  the  principle  Involved.  Suppose 
that  the  missile  and  aircraft  are  each  traveling  at  a  constant  velocity,  the 
vcharily  of  the  missile,  of  course,  being  greater  than  that  of  the  aircnift.  If 
the  missile  Is  on  a  lead  collision  course  the  angle  between  the  llne-of-slght 
of  the  missile  seeker  (which  points  toward  the  target)  and  the  mIsMile  direc¬ 
tion  will  have  a  constant  value.  If  either  the  missile  or  aircraft  changes 
ilirectiun  or  .speed  the  line-of-sight  <llrection  will  ehangc,  An  error  signal  Is 
then  prtKiuced  which  enables  the  seeker  to  recenter  on  the  target.  Signals 
are  transitdlted  to  the  i’*)ntrol  surfaces  of  the  missile  .so  that  it  Is  brought 
back  on  a  collision  course,  'rhi  turning  rale  td  the  missile  is  |)rop()rtional  to 
the  turning  rate  of  the  line  of-sight.  The  v/iluc  of  this  riitio  is  known  as  the 
navigation  constant. 

If  tile  aircraf!  target  launches  a  countermeasure  source  such  as  a  flare, 
the  hori/onial  component  of  the  separation  velocity  of  the  flare  with  respect 
to  the  aircraft  will  lie  liirge  due  to  the  high  drag  coefficient  of  the  flare.  It 
can  be  seen  from  Figure  22-2  that  the  tnlsslic  approaching  with  the  larger 
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IcHtl  anxlc  will  have  a  forester  tracking  rate  requirement  placed  iHV)n  It  Ihnn 
the  mlaaile  which  is  approaching  with  the  smaller  lend  angle.  The  separation 
velocity  of  the  flare  might  l)e  so  great  that  for  the  romiitlon  shown  In  Figure 
22-2b,  the  missile  could  nut  follow  it.  In  this  case  the  flare  would  move  out 
of  the  Acid  of  view  while  the  target  could  still  be  seen  by  the  seeker,  ullow- 
ing  it  to  recenter  on  the  target.  This  Is  an  unlikely  situation  even  fur  mlsslle.s 
launched  nt  large  angles  off  the  tnil  since  presently  o|>erational  air-to  air 
missiles  have  maximum  tracking  rates  of  about  8  to  10  degrees  per  second. 
As  long  ns  the  s|)eed  and  direction  of  bt>th  missiles  and  target  do  not  change, 
the  missile  seeker  need  only  track  at  a  low  rate  after  the  missile  is  on  u  lead 
collision  course.  This  suggests  the  possibility  of  constructing  missile  seekers 
with  low  maximum  tracking  rates  as  a  countcr-cuuntermcasure  against  Hares 
which  have  a  large  component  of  veltKily  perpendicular  to  the  llnr-of-slght 
to  the  ml.s.4ile  However  the  maximum  tracking  rate  would  have  to  t>e  suftk- 
lenlly  high  to  allow  the  misslie  to  follow  any  evasive  maneuvers  which  the 
target  aircraft  might  attempt. 

If  Ihe  mi.Hslle  is  locked  on  the  target  and  is  to  follow  n  launched  source, 
the  missile  is  required  to  track  actively.  As  the  separation  rate  of  the  source 
increases,  as  seen  by  the  missile,  somewhat  greater  traiklng  signals  are 
required,  which  means  that  more  intense  sources  arc  needed.  The  rrl  at  Urn- 
ship  Iwtween  relative  source  Inten/iity  and  separation  rale  is  shown  in  Figure 
22-3. 

These  difncullie.s  indicate  that  the  separation  rale  of  target  and  decoy 
source  sluudd  be  small.  On  the  other  hand,  however,  the  .separation  rate  must 
l)e  great  enough  to  p^'ovUle  a  .^afe  miss  distance  between  Hare  and  target  as 
the  missile  apt)r(taches  the  Hare.  If  some  form  of  radiation  shielding  Is  used, 
which  narrows  the  r:\diation  pattern  of  the  target  and  forces  the  enemy  to 
attack  at  small  lead  angle.s,  the  countermeasure  problem  Is  sittipllfied  con- 
sitierably  since  such  carefully  controlled  separation  rates  are  no  lunger  re¬ 
quired.  1'he  shielding  problem  is  discussed  mtjre  fully  later  in  thi.s  chapter. 

Another  factor  of  intj)orliutcc  in  Ihe  dispensing  of  an  Infrared  coutitermea- 
sure  source  is  the  build-up  time  of  the  source  to  full  intensity.  It  is  important 
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that  the  source  roach  full  intensity  while  It  and  the  larKot  are  still  unresolved 
hy  the  seeker  systent.  This  Is  due  to  the  fact  that  seeker  systems  arc  often 
(ItsiKncd  so  that  u  source  far  from  the  center  of  the  field  of  view  Is  less 
effective  than  a  source  of  the  same  intensity  nearer  the  center  (see  Fij^ure 
21-11).  Another  reason  for  the  source  to  reach  full  Intensity  while  near  the 
center  of  the  field  of  view  Is  that  a  source  near  the  edKe  of  the  field  may 
move  completely  out  of  the  field  of  view  l>efore  the  seeker  can  shift  over  to  it 

In  some  of  the  early  tests  of  pyrotechnic  flares,  iKnltiun  took  place  after 
the  flare  had  !>een  ejected  from  the  luunchinK  tuln*.  It  was  found,  however, 
that  at  hl;<h  altitudes  flares  frequently  did  not  ignite.  This  Is  probably  due 
to  the  c(M»linK  caused  by  the  rapid  expansion  of  the  combustion  prtKlucts. 
'I’hls  problem  was  st)lved  by  IunltinK  the  flare  while  It  was  still  confined  !n 
the  launching  tul)e  and  allowlnn  it  to  Ik*  ex|>elled  by  the  ga.ses  prmluced  by 
the  chemical  reaction.  'I’his  also  auurantees  that  the  flare  reaches  full  inten¬ 
sity  while  in  the  immedi  tte  vicinity  of  the  target.  'I'he  flare  is  launched  within 
a  few  milli.Hcconds  after  the  squib  has  been  activated. 

'I'wo  other  important  factors  to  he  considered  in  the  tactical  employment 
of  Infrared  counternteusures  sources  ate  the  burnina  time  and  launch] na  in¬ 
terval.  If  a  sufficlei'tly  accurate  and  reliable  missile  launch  detector  or  enaage- 
ment  warnina  system  were  available,  the  countermeasure  source  sh«)uld  be 
lauru  hed  as  stMin  as  possiL'Ie  after  the  enemy  mlvslle  has  been  launched,  'rhis 
would  give  the  countermeasure  source  the  maximum  amount  of  time  ttj  act 
on  the  enemy  missile  after  the  source  ct)ul(l  be  re.solved  a.s  separate  frt»m  the 
)a unchina  iiircraft.  'I'he  burnina  time  d  the  flare  should  be  at  least  as  long 
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as  the  expected  fllKhl  time  of  the  This  would  Insure  that  the  missile 

could  not  loci;  back  into  the  aircraft  after  the  flare  had  burned  out. 

In  the  absence  of  a  missile  launch  detector,  If  It  Is  known  that  an  enemy 
interceptor  aircraft  Is  in  a  posllhm  from  which  Infrared  mUsIle^s  might  be 
launched,  the  time  Interval  l>elwien  successive  flare  launchings  should  not 
be  greater  than  ty  —  where  ty  is  the  Hare  burning  time  and  /«  Is  the  time 
required  for  the  flare  to  reach  a  distance  from  the  aircraft  which  would 
represent  a  safe  mlsuillf  miss  distance.  This  means  that  one  flare  always 
reaches  a  safe  missile  distance  before  the  preceding  flare  burns  out.  The 
safe  missile  miss  distance  depends  on  the  fu2e  and  warhead,  it  should  be  at 
least  20  or  30  feet  from  the  nearest  part  of  the  aircraft  for  a  contact  fumi 
missile  and  greater  for  a  missile  equipped  with  a  proximity  fuze. 

If  the  quantity  ty  —  previously  mentioned  Is  much  greater  than  cither 
the  missile  flight  time  or  the  expected  Interval  between  missile  launchings, 
one  of  these  latter  two  quantities,  whichever  Is  Ic.ss,  should  be  the  controlling 
factor  in  determining  the  countermeasure  source  launching  interval.  The 
minimum  Interval  iKHween  missile  launchings  wtmld  prolmbly  be  determined 
by  the  burning  time  of  the  rocket  motor  (approximately  I  to  t  .5  seconds  for 
U.  S.  ttir-to  air  nickcts)  since  the  launchings  of  a  mls.sllc  before  the  rocket 
motor  of  the  previous  one  has  burned  out  would  allow  the  latter  missile 
seeker  to  track  the  missile  preceding  It. 

A  countermeasure  source  burning  time  of  H  to  12  seconds  at  an  Intensity 
which  I.H  dominant  over  the  aircraft  seems  adequate.  If  the  average  srparu- 
tion  velocity  of  such  a  flare  during  the  first  second  is  of  the  order  of  100  feel 
l>er  second,  r.  launching  Interval  of  from  5  lo  10  seconds  should  l)e  satis¬ 
factory. 

22.3  Flaro  Dlap<»natnf  Equipment 

Ex|»erimcntal  flare  dl.s|7ensers  (Reference  7),  suitable  for  u.se  on  subsonic 
aircraft  have  l>een  built,  The  basic  unit  Is  a  flare  battery  of  (Figure  22-4) 
dimensions  5)^  X  12  X  12}^  inche.s  consisting  of  17  tubes  or  flare  con¬ 
tainers  Each  tube  can  contain  from  one  to  ftve  flares  depending  on  their 
lengths.  Firing  s<|uibs,  as  shown  In  Figure  22-5,  are  placed  along  the  length 
of  each  tube  and  arc  used  for  firing  the  flares  in  se(|uencc.  The  flare  battery 
is  expendable  and  fits  Into  a  l)ox  which  Is  permanently  mounted  flush  with 
the  surface  of  the  fuselage.  Electrical  connections  arc  made  automatically 
when  the  liattery  Is  plugged  Into  the  box.  An  Intervalometrr  within  the  air¬ 
craft  |>ri)vi(ied  so  that  the  total  number  of  flares  and  the  time  Interval 
lauwecn  their  firing  can  be  controlled.  I'he  lubes  are  made  sufficiently  strong 
to  prevent  any  dam.age  if  one  of  the  inner  flares  should  accidently  Ignite 
before  the  ♦niter  ones  had  been  expelled. 
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Kiot'r.r  2; -4  FItrc  dlnp«n«r  Iwltcry  Fioi'nr  ^2-5  KUrc  cnmnlorri  kl.owlng 

ftrini  iquib  connections 

22.4  Prohlrmt  Involved  Whrn  Davirrn  Srntilive  to  Lronger  Wave- 
l•enfrth•  «ro  U»<nI 

The  previous  tllMCu^Hion  ns.^utrifd  mLi^ileg  with  neekers  ler.altlve  in  the 

2  to  2.8  micron  (l*bS)  band.  The  foIIowInK  computations  Illustrate  the  In¬ 
creased  requirements  which  will  be  placed  upon  countermeasure  sources  when 
longer  wavelengths  are  used. 

SupiH)se  the  tarKct  is  a  B-47  whose  tall  pipe  radiation  has  the  s|>ectrni 
distribution  of  that  from  a  K^aybody  at  425*C  with  a  total  output  over  all 
wavclenKths  of  4200  watts  per  steradian.  A  Kraybot'y  (or  blackbody)  at 
these  temperatures  will  have  5.4  i)crcent  of  Its  output  in  the  2  to  2.8  micron 
band.  The  intensity  of  this  source  in  the  :  uj  2.8  micron  band  Is  therefore 
227  watt.s  |)er  steradian. 

Now  suppo.se  a  count ermcu.su re  source  has  a  total  output  over  nil  wave- 
lengths  of  2000  watts  per  steradian  and  the  spixtral  distribution  of  a 
body  at  2J00"C.  A  ftrnybody  at  this  temperature  has  16.7  iiercent  of  Its 
output  in  the  2  to  2.8  m!cr*)n  s|>ectral  rcKion,  Its  output  In  this  waveicnjtth 
band  is  therefore  334  watts  per  steradian.  If  the  seeker  system  were  sensitive 
only  in  the  2  to  2.8  micron  band,  this  source  mlKhl  be  an  adequate  countcr- 
mcu.*^ure. 

Now  suppo.se  the  same  target  was  being  tracked  by  a  ml.ssile  wh<»se  seeker 
had  its  sen.sllivily  in  the  3  to  6  micron  band.  The  425T  graybody  target 
would  have  4.LH  percent  of  its  output  In  this  region.  'I'he  intensity  In  the 

3  to  6  micron  region  would  therefore  be  1840  watts  per  steradian.  The  2000 
watts  per  steradian.  23CX)  f  countermeasure  source,  would  have  12  7  |>ercent 
(d  its  outi)ut  In  the  3  to  t)  micron  region.  Its  Intensity  in  this  .spectral  region 
wtHild  then  be  2. ‘54  watts  i)iT  steradiiin.  Thus  this  source  would  be  entirely 
inade({uate  when  used  against  a  tui>sile  who.so  seeker  Is  nensitive  to  the  3  to  6 
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micron  band.  The  Bituatlon  miKht  be  slightly  worse  than  outlined  above  since 
there  would  also  be  some  4.3  micron  COy  plume  radiation  to  which  the  lunger 
wavelength  seeker  would  respond. 

22.5  Low  Temperature  Decoy 

The  brief  analysis  of  Section  22.4  pulnit  out  the  need  for  a  suitable  low 
tempc»'nture  decoy  (Reference  8),  i.e.,  one  whose  temperature  is  close  to  that 
of  the  target.  This  ty|)e  of  decoy  has  an  Inherent  disadvantage,  however. 
Since  its  temperature  is  much  lower  than  the  sources  previously  discussed, 
its  radiating  area  must  be  much  greater  In  order  that  its  output  be  sufficiently 
large.  It  has  been  proposed  that  such  decoys  could  be  launched  from  a 
bomber  or  decoy  bomber  and  be  supported  from  a  small  parachute.  The 
system  might  also  be  equipped  with  a  collapsible  corner  reflector  which 
would  unfold  on  launching  and  allow  the  devices  to  act  on  a  radur  counter¬ 
measure  as  well.  One  of  the  chief  problems  appears  to  be  the  difficulty  of 
carrying  enough  such  sources  on  board  an  aircraft.  The  sources  have  to  be 
quite  large  to  provide  enough  radiating  area  and  to  allow  a  sufficiently  long 
burning  time.  Since  these  sources  would  remain  suspended  for  a  considerable 
period  of  time  they  should  have  a  correspondingly  longer  burning  time  than 
flares  or  Balls  of  Fire. 

One  of  the  chief  rea.son.s  why  a  iuw  iemi)eraturc  decoy  may  become  very 
Important  Is  that  It  Is  possible  to  build  seekers  which  reject  sources  whose 
spectra!  di.stributlon  is  greatly  different  from  that  of  the  target. 

The  two-color  chopper  or  reticle  Is  an  example  of  such  a  device.  Such  a 
chopfjer  might  consist  of  a  wheel  or  disc  composed  of  alternate  sectors  of 
two  different  materials  of  characteristics  such  that  predominantly  .short 
wavelength  radiation,  like  that  scattered  from  the  sky  or  clouds,  would  be 
transmitted  equally  by  each  material,  Thus,  very  little  modulation  of  the 
cell  signal  would  be  prtKiuced.  Now  suppose  a  source  such  as  a  jet  engine 
tail  pi|)e  with  Its  radiation  peak  around  2  or  3  microns  were  viewed.  The 
transmission  characteristic*  of  alternate  sectors  w<)uld  l)c  quite  different  for 
this  source  and  a  strongly  modulated  detector  signal  would  result  Some 
high  lemperiilure  sources  would  Ihu.s  be  very  Ineffcrllvc  against  a  seeker 
fqulpi>cd  with  a  two^voior  chopper. 


22i6  Active*  Sources  Atlachr<i  lo  the  Aircraft 

While  tests  and  experience  have  shown  that  active  sources  di.spcnsed  from 
the  aircraft  are  more  effective  Infrared  count eru.eusu res  than  sources  per¬ 
manently  attached,  brief  mention  wilt  be  made  of  two  other  infrared  counter¬ 
measures  techniques  involving  active  sources.  1hese  arc  the  blinker  counter- 
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measure  ami  the  towed  decoy  (References  9,  10,  and  11)*  Briefly,  the  blinker 
technique  involves  strong  sources  placed  at  the  wingiips  ol;  an  aircraft  which 
cun  be  turned  on  and  off  at  u  suitable  rate  to  produce  large  disturbances  in 
the  path  of  :he  missile'.  In  addition  to  this  two  dimensionul  scheme,  several 
three  dimensional  schemes  have  been  proposed,  ^'hcsc  are;  1)  infrared  sources 
on  both  wingtips,  on  the  top  of  the  vertical  An  and  at  the  lowest  extremity 
of  the  bomber  fuselage,  2)  same  as  case  1}  except  that  the  lower  source  is 
mounted  on  an  aerial  paravane  suspended  below  the  l>omi)er,  and  3)  a  single 
Infrared  source  mounted  on  a  controllable  paravane  which  can  be  made  to 
revolve  about  the  iongitudinal  axis  of  the  bomber. 

In  the  two  dimensional  case  mentioned  above  the  maximum  (>ossible  misa 
di.stancc  might  be  reasonably  large,  but  since  the  ndwilc  would  be  caused  to 
cros.i  from  one  side  to  the  other  of  the  direct  path  to  the  bomber,  direct  hits 
could  still  occur,  The  three  dimensional  sy.stem  would  cause  the  missile  io 
fly  a  spiral  trajectory  missing  the  target  at  all  positions. 


Fioumk  22-6  Hlinkrr  ityttirm  with  of  wlnjittpii  of 

sirersft  (H-47)  (Kcfcrencr  12) 

Figure  22-6  shows  how  two  wingtip  source.^  might  be  employed  on  u  B*47 
aircraft  (Reference  12).  Each  source  would  need  to  be  of  sufficient  Intensity 
to  capture  the  seeker  of  the  nd.nslie  when  the  partleular  source  Is  turned  on. 
Such  sources  would  re<|ulre  a  large  amount  of  [)ower.  The  additional  weight 
and  tirag  o!  .such  sources  would  also  Ik*  a  handicap.  A  further  difftculiy  is 
Involved  in  determining  the  proi>er  modulation  or  blinker  rate.  The  most 
effective  value  for  a  particular  missile  v.ill  dei>end  on  its  tlynamic  character¬ 
istics.  Since  infiaretl  air-to-air  missile*  have  narrow  fields  of  vicw(  approx¬ 
imately  -J  2"  to  '*  3"),  the  missili  ‘II  reach  a  range  where  only  one 
blinker  will  Uv  In  Its  fn  id  of  view.  At  thus  range  it  will  see  one  blinker  go  off 
but  will  not  see  the  (ither  blinker  go  on.  Since  at  least  one  engine  will  prob¬ 
ably  still  be  in  Its  field  ot  view,  the  missile  wotdd  probably  still  home  on  this 
engine  with  only  minor  }KTturbatlons  being  produced  in  the  path  of  tltc 
missile  by  the  bltnker. 

*rhe  three  <iinu‘r  ional  blinker  system  mentioned  above  would  possess 
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essentially  the  same  disiidvantuKcs  us  the  twn  dimensional  system  using 
sources  on  the  wingtlps. 

7‘he  spiraling  paravane  carrying  an  Infrared  source  would  be  a  seric»‘ 
aerodynamic  handicap  to  the  towing  aircraft,  would  require  a  large  amount 
of  power  to  oi)cralc  the  Infrared  source,  and  would  nNo  require  a  knowledge 
of  the  dynamic  characteristics  of  the  enemy  seeker, 

Another  active  countermeasure  technique  on  which  a  considerable  amount 
of  development  work  has  been  done  is  the  towed  ilecoy  (Re^»rence  13).  This 
system  differs  from  the  spiraling  paravane  mentioned  above  In  that  It  does 
not  spiral  and  is  actually  a  small  delta  wing  towed  glider.  'I'nis  gilder  would 
probably  be  towed  behind  the  aircraft  at  a  large  distance. 

There  arc  a  number  of  disadvantages  to  such  a  system;  some  of  the  more 
important  arc:  1)  the  aerodynamic  handicap  and  drag;  2)  the  placing  of  the 
decoy  at  the  proper  level  with  rcs|>ect  to  tlie  towing  aircraft  would  have  to  be 
done  very  carefully,  so  that  should  a  missile  strike  the  decoy,  the  missile  or 
fragments  from  it  would  not  d:imagc  the  ulrcinfi*  and  3)  the  tijwed  di'c<iy 
would  protect  against  only  one  missile  firing  if  the  missile  actually  hit  the 
decoy. 

In  view  of  the  difficulties  discussed  above  It  does  not  appear  that  the 
blinker  countermeasure  or  the  towed  decoy  arc  feasible  as  Infrared  counter- 
measures. 


22.7  Hhirlding  of  Jet  Enitlriea 

The  spatial  distribution  of  the  radiation  from  the  a[)crture  of  a  biackbody 
follows  a  cosine  distribution.  That  is,  the  intensity  in  any  given  direction  Is 
proportional  to  the  cosine  of  the  angle  made  between  the  direction  in  que.s- 

tlon  and  the  normal  to  the  aperture  us  shown 
In  Figure  22-7.  As  has  been  shown  in  Figure.s 
21-12,  21-l,t,  and  21-14,  the  radiation  from 
the  tail  pi{>e  of  a  Jet  engine  approximates  that 
of  a  black bo(iy  in  both  spatial  und  siK^ctral 
distribution.  It  Is  conceivable,  therefore,  that  a 
tail  pipe  extension  or  shield  could  l>e  used 
with  a  jet  engine  which  would  limit  the  solid 
angle  from  which  the  hot  metal  partn  nnjld  be 
“seen"  by  u  ilelector.  'I'he  shield  would  only 
lie  useful  in  reducing  the  effective*  radlatiori  of 
the  hot  metal  parts  of  the  engine.  Since  the 
plume  radiation  results  from  the  hot  gases  aft 
of  the  aircraft,  the  shield  d(H‘.s  not  red  me  their  rad  la  t  inn  outputs.  It  Is  esti¬ 
mated,  however,  that  only  about  5  percent  (Reference  1 4)  of  the  radiation 
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output  of  the  aircraft  in  the  lead  KulHdc  sensitivity  region  originates  from 
the  plume.  Furthermore,  the  plume  radiation  decreases  rapidly  with 
altitude. 

Sevenil  re(|uirtMmMH.«i  imiMt  be  placed  u|Hin  such  shields  If  they  arc  to  be 
effective.  One  of  these  Is  that  the  shield  itself  must  be  kept  cool  Uuh  Inside 
and  out.  'I  he  other  important  recpdremeni  is  that  the  interi<#r  of  the  shield 
must  have  a  low  relied ivity  in  the  spectral  region  of  interest.  These  two 
requirements  are  somewhat  contradictorv  since  a  low  reflectivity  (i.e.  a 
"black")  surface  will  be  a  g(H)d  absorber  of  radiation  and  its  tem|>erature  will 
rise.  If  the  internal  reflectivity  of  the  shield  !s  high  it  will  simply  reflect  the 
interior  of  the  bluckbody  cavity,  acting  as  a  "light  pi|)e"  and  wH’  produce 
very  little  change  in  the  radiation  pattern 

Sc.me  simulation  work  ha 4  been  done  to  evaluate  the  effectiveness  of  such 
.shields  (Reference  15).  'Fhe  source  In  these  experiments  consisted  of  nn 
acetylene  burner  into  which  a  metal  slug  had  been  placed  to  simulate  the  hot 
turl)ine  Idades  and  interior  parts  of  the  jet  engine.  The  combiisllon  products, 

('Oji  and  HaO  approximated 
those  of  an  actual  jet  engine. 
Figure  22-8  shows  the  radiation 
pattern  of  the  burner  with  no 
shield.  It  can  be  seen  that  the 
pattern  as  .seen  by  both  FbS  and 
FbTe  detectors  arc  close  to  co¬ 
sine  distributions.  The  fact  that 
the  patterns  for  Fble  and  PbS 
arc  so  similar  indicates  that 
there  is  little  contribution  from 
the  gaseous  [)lume.  The  PbTe 
detector  Is  sensitive  to  about 
5.5  mkrons  and  thus  includes 
the  4.3  micron  emission  band 
of  t'Oj.  If  there  were  a  large 
C“n!fihi0ion  from  the  plume  the  iv/o  |}attcrns  would  show  greater  differences. 
Tsing  the  I*bTe  detector,  the  pattern  was  measured  at  400  C,  500’  and 
600  ('  with  very  little  change  In  spatial  clistribution,  although,  of  c</ursc, 
the  output  increased  rapidly  with  lerv.perature. 

Figure  22-y  .shows  the  effect  td  radiation  shields  on  the  pattern  as  measured 
with  a  Pl/Fe  detector.  1’he  pattern  of  Figure  22-9<i  was  obtained  using  a 
shield  who*ie  intern.al  reflectivity  appr‘»ximateiy  zerti  and  whose  length 
was  tine  half  of  its  diameter  Here  the  intensity  of  3!  degrees  has  dropped 
to  one  half  of  its  ma.ximiim  value.  Figure  2 2 -9 A  shows  the  resulting  pattern 
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22-9  KidUtlcn  patierni  of  Jet  ilmulator 
ihowlng  rffccti  of  sthicMi  (Reference  15} 

for  a  shield  whose  Internal  reflectivity  was  approximately  zero  and  whe  se 
length  was  equal  to  its  diameter.  Here  the  intensity  at  20  degrees  has  drop|)ed 
to  one  half  its  maximal  value.  In  both  cases  the  temperature  of  the  shield 
was  kept  lufflciently  low  so  that  it  did  not  radiate  appreciably.  These  ploO; 
show  that  an  appreciable  narrowing  of  the  radiation  pattern  occurs.  Although 
the  measurements  shown  in  Figure  22*9  were  made  using  a  PbTe  cell,  the 
effectiveness  of  the  shields  in  the  PbS  region  would  be  at  least  as  great  since 
the  PbS  cell  would  ‘‘see'*  a  smaller  fraction  of  the  plume  radiation,  As 
mentioned  before,  the  plume  radiation  is  small. 

If  such  a  shield  were  to  be  used  on  an  aircraft,  some  sort  of  forced  cooling 
would  have  to  t^e  used  on  the  outside  of  the  shield  to  carry  away  the  heat 
absorbed  by  the  black  Inside  wall.  This  could  be  acconipllshed  by  having  a 
concentric  outer  cylimler  surrounding  the  shield  with  air  being  forced 
through  the  space  between.  This  air  could  either  be  ram  air  picked  up  by 
scoops  at  the  front  of  the  engine  or  air  which  is  obtained  from  the  compres¬ 
sor.  It  has  b«*en  estimated  that  the  use  of  £uch  a  system,  capable  of  keeping 
the  wall  tem|}eruture  at  about  300  (*  would  cause  a  performance  penalty  of 
only  about  3  percent  (Reference  16)  In  the  range  of  the  aircraft.  If  the 
shield  were  at  a  temperature  of  300  C*,  the  |)eHk  of  the  blackbody  radiation 
originating  from  it  would  be  approximately  5  microns,  I'his  would  probably 
be  cool  enough  (or  missiles  with  lead  suinde  setkers.  For  missiles  with  longer 
wavelength  seekers  sonic  additional  cooling  would  probably  be  desirable. 

The  use  of  radiation  shields  as  an  infrared  countermeasure  technique  offers 
several  attractive  features.  Among  these  are:  1)  The  shield  provides  contin¬ 
uous  protection  and  does  not  have  to  be  “turned  on”  when  an  attack  la  Im¬ 
minent.  2)  The  presence  of  the  shield  forces  the  enemy  to  launch  his  missiles 
at  smaller  angles  to  the  target  aircraft  axis.  An  cs))ecinlly  important  advan¬ 
tage  in  this  connection  is  that  the  use  of  shlehis  minimizes  the  danger  of  a 
**snap  up”  attack  (i.e.  the  firing  of  a  missile  from  an  altitude  considerably 
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Im.i  than  thiit  of  the  target  bomber),  thus  requiring  the  enemy  to  expend 
more  fuel  and  time  in  gaining  an  altitude  from  which  the  attack  can  be 
made.  3)  The  aerodynamic  penalty  caused  by  the  shield  and  its  cooling 
system  is  not  excessive.  4)  The  greatly  narrowed  cone  of  radiation  aft  of  the 
aircraft  gives  it  a  chance  to  avoid  the  missile  by  an  evasive  maneuver. 

22.8  The  Lae  of  Smoke  fJouda  a»  an  Infrared  Countermeasure  for 
Aircraft 

rhe  use  of  smoke  dispensed  from  an  aircraft  has  been  proposed  as  an  in¬ 
frared  countermeasure.  Considerable  experimental  work  has  been  done  on 
this  subject  (Reference  17)  Although  it  has  been  shown  that  smoke  puffs 
and  clouds  can  cause  an  infrared  seeker,  following  an  aircraft,  to  break  lock, 
the  proper  conditions  for  the  u.se  of  smoke's  are  difficult  to  realize.  First,  to 
be  effective  the  smoke  must  fill  a  reasonably  Sarge  solid  angle  behind  the 
aircraft,  say  20^  to  30*^;  secondly,  the  .smoke  mus(  bt'  of  carefully  controlled 
particle  size  to  have  Its  maximum  scattering  effccdvene.sa  In  the  proper  spec¬ 
tral  region  and  must  also  be  of  sufficient  density.  Smokes  dispensed  from 
aircraft  tend  to  trail  out  in  a  very  narrow  beam,  providing  no  protection 
again «t  missiles  launched  outside  of  this  narrow  angle.  Due  to  the  relatively 
broad  radiation  pattern  of  tn  aircraft  and  scattering  of  this  radiation  by  a 
narrow  cone  of  smoke  behind  it,  it  is  pos.sibic  that  the  radiation  reaching  the 
ml.HsIlf  may  actually  be  Increased,  making  the  aircrait  more  vulnerable. 
I^article  size  is  also  difficult  to  control.  This  means  that  much  of  the  smoke 
produced  will  be  an  Ineffective  scatterer. 

The  weight  of  chemicals  which  have  to  be  carried  cm  board  the  aircraft 
to  produce  an  effective  smoke  cloud,  filling  a  sufficient  volume  (assuming 
such  a  cloud  could  be  produced),  h  probably  far  greater  than  the  weight  of 
pyrotechnic  flares  required  to  give  an  equivalent  amount  of  protection. 

The  use  of  smoke  puffs  as  sentterers  of  sunlight  to  decoy  missiles  has  also 
been  proposed  (Reference  19).  'I'he  difficulties  Involved  in  the  use  of  Kreen- 
ing  smoke  clouds  discussed  above  also  apply  here.  Other  shortcomings  of 
this  technique  are;  1)  the  radiation  scattered  from  the  smoke  cloud  would 
be  largely  rejected  by  the  seeker  due  to  its  si;ace  flltfrlng  and  gi)cctrnl  filter¬ 
ing  feiUiirtH;  and  2)  this  scheme  cocid  be  used  only  in  the  daytime. 

22.9  Infrared  Countermeasurra  for  Ground  InetallalSotia 

The  protection  of  ground  installation  against  surveillance  or  attack  by 
Infrared  controlled  devices  Involves  problems  which  are  quite  different  from 
those  involved  In  the  protectlcm  of  aircraft.  As  mentioned  In  Chapter  21, 
ground  targets  are  usually  at  lower  feri^peratures  than  aircraft  targets  and 
therefore  longer  infrared  wavelengths  arc  involved.  Also,  ground  targets  are 
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usually  spread  out  over  a  large  area,  where  certain  small  regions  (such  as 
those  containing  blast  furnaces  or  power  plants)  have  very  different  radiation 
characteristics  from  the  remainder  of  the  area.  In  the  case  of  ground  targets, 
atmospheric  attenuation  and  weather  conditions  arc  much  more  important 
factors  than  for  the  air-to-air  situations. 

Two  methods  which  have  been  mentioned  for  the  protection  of  ground 
installations  against  infrared  devices  are  the  use  of  decoy  radiation  sources 
and  the  use  of  camouflage  techniques.  Both  have  severe  limitations.  Since 
the  ground  target  as  a  whole  usually  covers  a  considerable  area  and  consists 
of  various  types  of  sources,  it  is  difficult  to  simulate. 

Camouflage  techniques  would  involve  the  use  of  coverings  or  paints  with 
controlled  emissivitles  which  would  comt^ensate  for  the  temperature  and 
emisslvity  differences  of  terrain  and  objects  on  the  ground.  By  this  reduction 
of  contrast,  detection  would  be  made  more  difficult. 

The  must  effective  means  for  the  protection  of  ground  inslallatiuns  appears 
to  be  the  use  of  screening  agents.  A  considerable  amount  of  development 
work  has  been  carried  out  relative  to  the  production  and  evaluation  of  smokes 
for  this  purpose.  This  technique  also  involves  certain  problems  as  the  follow¬ 
ing  analysis  shows. 

Von  MIe  and  Blumer  (References  19  and  20)  have  developed  a  theory 
for  the  scattering  of  radiation  by  simple  particles  for  the  case  where  the  par¬ 
ticle  site  and  radiation  wavelength  are  comparable.  As  long  as  It  can  ‘  3  as¬ 
sumed  that  the  particles  of  a  cloud  act  independently,  that  the  incident  radia¬ 
tion  i»  collimated,  and  that  no  scattered  radiation  reaches  the  detector,  this 
theory  can  be  used  to  compute  the  attenuation  produced  by  a  cloud  of  uni¬ 
form  sixed  particles.  This  leads  to  the  lollowlng  equation: 

///o  =  exp  —kna^ni  (22-1) 


where 

/  r=  transmitted  radiation 
/p  Incident  radiatic-' 

k  =  the  .Hcatlering  coefftcienl  which  is  a  function  of  the 
dielectric  cun^tHnt  of  the  material  and  the  ratio  of 
particle  radius  to  wavelength  of  the  radiation 
a  =:  the  particle  radius 
w  ~  number  of  particles  |ier  unit  volume 
/  _  path  length 

It  is  convcnicni  to  eliminate  the  number  of  particles  per  unit  volume,  w, 
from  Eq  (22-1 ).  This  can  be  done  In  the  following  manner: 

Let  c,  be  the  mass  per  unit  volume  of  the  smoke  cloud  and  c  be  the  density 
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of  ihc  smoke  material.  Then  the  mars  of  a  slr)j;!e  particle  will  be  4tfaV/3 
unci  the  number  of  particles  per  unit  volume  will  be  ie,/4wa^r.  Equation 
(22  1 )  now  becomes: 


///y  exp  — 3/i’r.//4flr  (22-2) 

If  r,  and  I  arc  kept  constant,  then  for  a  ^iven  material,  the  transmitted  frac¬ 
tion  I/Iu  or  Its  r»*ciprocal,  the  attenuation  factor,  /«//  U  u  function  only  of 
the  .scatterinR  coefficient  k  and  the  particle  radius  a.  The  scattcrinR  coefficient 
itself  is  a  function  of  the  ratio  of  the  particle  radius  to  the  wavelength.  In 


EiKure  22-10,  k  Is  jdoitcd  as  a  function  of  2;rf;  A  for  particles  whose  dielectric 
constant  is  1.5.  It  can  be  seen  that  succes.<4ive  maxima  and  minima  (Kcur  as 
the  ratio  u/A  Increa.scs.  FiKure  22-il  shows  the  attenuation  factor,  /o//, 
plotted  as  a  function  of  wavelenj^th  for  particles  of  three  different  sizes.  For 
the  particles  whose  radius  is  C.65  micron,  the  maximum  attenuation  factor 
is  art’iiter  than  100,000  and  this  maximum  occurs  for  radiation  whose  wave- 
!en}{th  is  approximately  I  micron.  For  radiation  whose  wavelenKth  Is  5 
microns  or  beyond,  (he  attenuation  factor  is  ainiosi  zefu.  On  ihc  other  hand, 
for  particles  whose  radius  is  2,6  microns,  the  maximum  attenuathm  occurs 
at  about  4  microns,  but  has  a  value  of  only  about  20.  'Fhese  curves  show, 
therefore,  that  as  the  wavelenj^lh  Increases,  not  only  must  the  particle  .size 
incre.  .<e  but  either  the  smoke  density  e,,  or  the  pathlenath  I  (or  both)  must 
increa.se  Kre.'itly  if  one  Is  to  maintain  a  i'un.;tant  attenuation  factor.  This 
analysis  illustrates  sonvj  of  the  diftkulties  involved  when  one  attempts  to  use 
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Fioukk  22<11  Attenuation  factor  venuR 
WAvelenuth  for  ctouf1«  made  up  uf  three 
different  lixed  partldm 


a  amokc  cloud  ks  an  attenuation  medium  where  lon^  wavelength  radiation  is 
involved.  It  shows  that  a  srr.okc  screen  which  is  effective  tn  screening  a  ground 
installation  against  visual  observation  might  be  entirely  Ineffective  for  radia¬ 
tion  passing  through  the  4.5  to  5  and  8  to  hS  micron  atmospheric  windows. 
This  was  found  from  experiments  to  be  the  case  (Reference  21).  When  field 
tests  and  Inboiatory  measurements  were  made  on  conventional  smokes,  such 
ns  those  produced  from  chlorosulfonic  acid  and  log  oil,  they  were  found  to 
become  increasingly  transparent  beyond  wavelengths  uf  about  5  micron.s. 
These  tests  and  cxjKriments  confirmed  the  computed  results,  namely  that 
.smokea  uf  c<jnslder:tb!y  larger  pfirtlrlc  sixe  nould  be  necessary  fur  use  at 
wavelengths  involved  in  the  radiation  from  ground  targets.  If  conventional 
materials  were  used,  the  settling  rale.s  of  the.se  larger  particle  site  smokes 
would  probably  be  too  great.  One  of  the  important  re({uiremen*s  of  a  smoke 
is  that  it  stay  suspended  for  a  reasonably  long  period  of  time. 

Kx|)erlments  were  performed  in  which  plastic  foams  were  produced  In  the 
form  of  clouds  of  panicle.s.  One  technique,  which  was  successful,  involved  the 
use  of  a  gas  turbine  engine.  The  plastic  re.sin  and  catalyst  wcr«.  sptuyed 
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separately  Into  the  hi^h  tcm|>erature  region  of  the  gas  stream.  Separate 
(Reference  22)  {>olymerlzed  particles  were  formed  which  were  dispersed  into 
the  atmosphere  by  the  gas  turbine  engine  exhaust.  Measurements  showed 
many  of  these  particles  to  have  diameters  in  the  20  to  25  micron  range. 
Qualitatively,  these  smokes  were  found  to  cause  runsidernble  attenuation 
although  it  has  not  been  possible  to  make  quantitative  measurements  due  to 
the  difficulty  of  maintaining  a  constant  pathlcngth  in  the  smoke  and  to  the 
fact  that  the  density  of  the  smoke  cloud  changes  rapidly. 

Although  It  docs  appear  that  It  would  be  imssible  to  provide  an  appreciable 
amount  of  protection  for  ground  installations  by  smoke  of  this  tyt)e,  there  arc 
serious  practical  llml*ri  lo  'i,  The  chief  one  of  these  Is  the  problem  of  produc¬ 
ing  enough  smoke  to  cover  a  l*****'^  area,  since  the  cloud  tends  to  disaipute 
rapidly.  Another  problem  is  that  mi  v  uf  these  materials  are  of  n  toxic  nature. 

22Ai)  Engagement  Warning  System 

For  the  most  effective  use  of  maneuvers  and  wf  any  active  countermeasures, 
i.e.  one  in  which  material  is  launched  from  the  aircraft  or  otherwise  con¬ 
sumed,  some  sort  of  warning  or  alarm  system  indicating  that  a  missile  has 
been  launched  Is  necessary.  Warning  systems  arc  essentially  passive  .search 
devices  which  operate  by  means  uf  the  radiation  emitted  by  the  rocket  motor 
of  the  missile.  The  passive  warning  system  Is  at  a  disadvantage,  in  that  It 
must  detect  the  approaching  missile  from  the  nose-on  as|>ect.  This  Is  the 
direction  In  which  the  mi.ssile  body  and  rocket  no^/le  provide  a  shield  u.^ulnst 
most  of  the  radiation.  However,  since  the  rocket  plume  extend.s  aft  uf  the 
missile  and  has  a  diameter  somewhat  larger  than  that  of  the  mis.sile,  there 
is  a  substantial  amount  uf  radiation  from  the  rocket  In  the  forward  aspect. 
1'ables  21-1V  and  21-V  show  the  outputs  of  several  typical  air  to  air  rtKkets 
111  the  1. 8  to  2.K  and  1. 8  to  7  micron  regions  of  the  infrared  and  in  the  2600.V 
to  2900A  region  of  the  ultraviolet. 

The  ultraviolet  radiation  emitted  by  the  rocket  during  the  perioil  that  the 
rocket  motor  is  burning  might  also  provide  a  means  for  detecting  the  ap¬ 
proach  of  the  rocket  by  it.s  Intended  target.  The  ozone  layer  (which  has  its 
maximum  concentration  around  80,000  feet,  sec  Figure  22-12)  fortunately 
provides  a  natural  filter  to  remove  must  of  the  interfering  solar  background 
radiation  when  a  wavelength  of  about  2550. \  Is  used  (sec  Figure  22-13). 
The  problem  of  designing  a  detection  system  whkh  is  sufficiently  sensitive  at 
2550A,  but  which  Is  completely  Insensitive  on  the  long  wavelength  .side  of 
about  2800  or  2900A  Ls  severe.  Since  the  so-called  “solar  blind”  detectors 
which  have  been  devcloj)c<!  have  too  large  a  .sensitivity  at  the  longer  wave¬ 
lengths,  a  suitable  filter  to  be  used  in  combination  with  (he  detector  Is 
neccHsary.  Filters  consisting  of  thin  evaporated  films  of  |M)lassium  enclosed 
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Kiomr  22 ’\2  Oxunc  concentration  a«  a  Ktouaa  Absorption  of  oione  In  the 

(unction  of  altitude  (Reference  ultraviolet  spectral  region  (Reference  2^) 


bctwcfn  two  quartz  plates  have  been  made.  These  filters  transmit  reasonably 
well  at  the  required  wavelenRth  but  do  not  have  a  suftkirntly  sharp  cut-off 
toward  longer  wavelengths. 

The  principal  drawbacks  Involved  In  the  use  of  ultraviolet  radiation  in 
engagement  warning  systems  are  listed  below: 

1 )  The  best  detectors  which  have  been  develo|)ed  have  too  great  a  respon.se 
outside  of  the  ozone  absorption  band. 

2)  The  best  filters  available  do  not  have  a  sufficiently  large  ratio  of  trans¬ 
mission  in  the  desired  region  to  that  at  longer  wavelengths. 

3)  At  altitudes  aUive  about  40,000  feet  the  concentration  of  ozone  in  the 
path  between  missile  and  detector  becomes  sufficiently  great  to  cause  severe 
attenuation  of  the  signal. 

4)  If  ultraviolet  wavelengths  outside  of  the  ozone  absorption  band  were 
u.sed  the  scattered  solar  radiation  would  cause  a  very  serious  background 
problem. 

.Several  Infrared  systems  for  missile  launch  detection  exist  (Reftrence  24). 
One  of  these  coHalsiU  of  two  search  sets,  one  mounted  at  the  top  of  the  vertical 
An  of  the  aircraft  and  one  below  the  fuselage.  Each  search  set  consists  of  u 
dome  of  Infrared  transparent  material  such  as  arsenic  irlsulfide  glass  con¬ 
taining  several  detectors^  each  of  which  will  observe  a  different  sector  in 
elevation.  'I  he  dome  and  the  detectors  rotate  at  a  rate  of  a  few  revolutions 
per  second.  If  a  signal  is  detected,  its  approximate  elevation  can  be  deter¬ 
mined  by  noting  the  cell  on  which  It  was  received;  the  azimuth  can  be 
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determined  by  the  angular  position  of  the  scanner  at  the  time  of  signal 
reception.  One  of  the  problem.^  Involved  here  Is,  of  course,  the  dlff.culty  of 
distinguishing  the  radiation  of  a  launched  rocket  from  the  forward  aspect 
radiation  of  the  launching  aircraft.  Since  the  rocket  e;:httust  is  at  a  temfier- 
Ature  coaslderably  higher  than  that  of  the  aircraft  exhaust,  the  possibility 
of  using  H  sprrt  '  filtering  technique  exists.  The  rocket  radiation  builds  up 
and  decays  rapidly;  thus  there  is  also  the  possibility  of  using  a  time  or  pulse 
length  discrimination  technique. 

Another  .system  uses  four  detectors  looking  into  the  four  quadrants  aft  of 
the  aircraft.  This  system,  u|>on  the  detection  of  a  signal  indicates  only  the 
quadrant  from  which  the  attack  Is  being  made. 

Systems  of  this  type  will  not  Indicate  whether  the  object  detected  Is  an 
infrared  guided  weapon,  a  radur  guided  weapon,  or  an  unguided  rocket.  The 
system  simply  indicates  that  countermeasures  should  be  initiated.  Since  the 
time  which  elapses  between  the  firing  of  an  alr-to-air  missile  and  its  reaching 
u  position  beyond  which  it  cannot  be  deviated  sufficiently  from  Its  path  is 
very  short,  some  sort  of  automatic  device  for  the  commencement  of  counter¬ 
measures  activity  will  probably  be  necessary. 

22.11  Integration  of  Infrared  Devleea  With  Other  Electronic 
(liountersneHaurcii 

There  are  several  reasons  why  a  completely  Integrated  countermeasures 
system  on  an  aircraft  l.s  desirable.  Among  these  are:  I)  A  saving  in  power, 
space,  and  weight  can  be  achieved  since  some  of  the  auxiliary  equipment  re¬ 
quired  may  serve  more  than  one  tyi>e  of  countermeasure.  2)  In  a  penetration 
ttdssion,  it  h  likely  that  several  tyi>rs  of  countermesf area  will  be  needed 
simultancou:.!y.  In  n  integrated  system,  a  minimum  of  interference  and  con¬ 
fusion  would  lerai*  *)  Some  techniques  such  us  those  used  for  flare  and 
chaff  dispensing  n  i  be  quite  rimilar.  4)  With  a  single  system,  a  minimum 
number  of  o|)era.'  ig  personnel  in  the  aircraft  would  Iw  required. 

At  present  a  development  project  is  under  way  to  develop  a  completely 
integrated  couniermensure.s  system  for  the  H-52  aircraft  (Reference  25). 
One  of  the  infrared  requirements  specifies,  for  this  system,  flare  batteries 
consisting  of  51  flares  each  (probably  17  tubes  containing  three  flares  each). 
At  present  it  Is  specified  that  each  flare  should  havv  u  i 0-second  burning 
time  with  an  output  of  .1000  watts  per  steradian  in  the  t.8  to  2.8  micron 
region  and  JOOO  watts  per  Sitradlan  output  in  the  5  to  5  micron  region.  'I'he 
flares  will  probably  be  cd  the  magnesium  Teflon  (Flora)  type.  An  infrared 
warning  receiver  is  also  called  for  in  this  system.  The  complete  specifications 
of  this  receiver  are  not  available.  It  is  .specified,  however,  that  the  system 
noise  of  this  device  should  be  kepi  down  to  I  X  10  **  watts  |)er  square  cen¬ 
timeter  in  terms  of  coulvalenl  radiation  signal. 
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Underwater  Acoustic  Countermeasures 


R.  T.  McCANN 


2Sfl  Introduction 

The  ocean  prenenti  a  {K)or  environment  for  the  propagation  of  electro- 
magnetic  waves.  Thus,  underwater  communication  and  detection  must  rely 
on  other  forms  of  energy  propagation.  Acoustic  energy  is  most  commonly 
used,  in  both  the  sonic  and  ultrasonic  frequency  ranges.  Fur  communica¬ 
tions,  the  energy  Is  cither  keyed,  transmitted  as  a  voice  modulated  carrier, 
or  transmitted  by  some  secure  method.  Detection  b  accomplished  by  either 
listening  for  noise  emanating  from  the  target  or  the  rcHection  of  an  acoustic 
pulse  by  the  target,  'lire  word  SONAR  Is  used  to  describe,  in  general,  the 
detection  and  tracking  of  underwater  targets,  whether  by  passive  Ibtcning 
or  by  actively  transmitting  and  receiving  |)ulses.  Sonar  systems  are  employed 
by  aircraft,  ships,  and  acoustic  torpedoes  to  detect,  track,  and  attack  water¬ 
borne  targets. 

It  is  apparent  that  some  means  arc  necessary  to  deny  an  enemy  the  In¬ 
formation  required  to  press  home  an  attack  on  our  ships,  either  .surface  or 
subsurface.  The  most  effective  means  w()uld  Ik*  to  deny  the  enemy  all  possi¬ 
bility  of  detection;  however,  ihl.s  is  not  feasible.  It  becomes  necessary,  there¬ 
fore,  to  reduce  the  target  to  a  minimum  and  thereby  increase  the  dctccti<m 
pn)l))em  fr.r  the  enemy.  Similarly,  means  must  i>c  provided  to  lessen  his 
attack  capability  when  detection  Is  conslderctl  probable  or  certain.  Sul)- 
marint.s  have  an  advantage  over  surface  ships  in  that  they  can  take  ad¬ 
vantage  of  the  natural  characteristics  of  the  ocean  environment  as  well  as 
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their  own  ability  to  operate  quietly  for  a  limited  time.  AUo,  a  lubmarine 
can  Kcntrally  detect  a  surface  ship  at  greater  range  than  the  submarine  can 
be  defected  by  that  ship.  When  the  environment  and  tactical  operation  of  the 
ship  fail  to  provide  adequate  protection,  a  countermeasures  system  becomes 
vital  to  survival.  Such  a  system  ni.:st  provide  the  knowledge  thr.t  one  is 
under  surveillance,  the  means  to  break  contact,  and  an  alternative  target  or 
decoy. 

23.2  FuncUona  anil  Operational  Concepts 

A  countermeasures  system  has  three  general  functions:  intercept,  jamming 
or  masking,  anci  deception.  These  functions  arc  normally  |>erformed  in  the 
same  o^der  as  listed.  Intercept  occurs  first  since  It  is  necessary  lu  know  that 
one  is  under  surveillance  and  that  further  action  may  be  necessary.  It  is 
usually  desirable  to  break  the  sonar  contact  to  force  the  enemy  to  renew  the 
search  and,  also,  to  deny  him  a  direct  comparison  between  a  true  target  and 
a  false  one.  Finally,  to  esca|>e  or  set  the  enemy  up  fur  coiinter-a*tack,  it  is 
desirable  to  provide  a  false  target  or  decoy,  acoustically  similar  to  the  true 
target, 

I'he  above  .sequence  is  more  useful  to  a  submarine  than  a  surface  ship 
since  the  latter  is  subject  to  visual  and  radar  detection  as  well.  Since  such  is 
the  case,  countermeasures  in  the  form  of  maskers  or  decoys  arc  frequently 
employed  on  a  full  time  basis  by  surface  ships  when  In  an  area  of  known  or 
exiKCted  submarine  activity.  Since  echo  ranging  would  be  carried  out  In  such 
areas  anyway,  little,  if  any,  advantage  is  lost  by  streaming  an  additional 
sound  sourer. 

(•enerally,  it  is  considered  undesirable  for  a  submarine  to  make  its 
presence  known  before  an  enemy  has  a.ssuted  contact.  On  the  other  hand, 
too  great  a  delay  in  taking  countermeasures  action  may  be  fatal.  Thus,  the 
C(  mmandiiig  officer  of  a  submarine  is  faced  with  the  dilemma  of  positively 
classifying  himself  or  risking  destruction.  Only  experience  and  confidence 
in  the  countermeasures  system  can  develop  the  efficient  employment  of  such 
a  system.  Where  countermeasures  are  employed  In  offensive  o|>cralions,  such 
as  )>enet rating  a  convoy  screen,  decoys  should  be  launched  from  outside  the 
detection  range  of  the  screen  in  such  a  manner  as  to  cause  a  redeployment 
of  the  screening  force.  The  submarine  should  find  it  easier  to  penetrate  the 
weakened  screen. 

One  approach  to  countering  the  enemy  Is  to  d.fny  him  the  op|>ort unity  to 
launch  a  weapon  Thus,  if  a  surface  ship  can  detect  and  desirtiy  a  .submarine 
iieyond  the  submarine's  weapon  range  capabilities,  weapon  countermeasures 
are  not  nece.ssiiry.  Similarly,  u  submarine  that  can  deny  a  fire  control  solu¬ 
tion  to  the  enemy  does  not  have  to  worry  about  the  weapon,  However, 
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optimism  of  this  nature  can  be  fatal  end  weapon  countermeasures  should 
be  a  part  of  any  such  system.  The  first  indication  of  an  enemy’s  presence 
might  be  the  detection  of  a  weapon.  In  such  a  case,  the  time  for  action  is 
short  and  the  countermeasures  system  must  be  capable  of  immediate  employ¬ 
ment.  Accordingly,  surface  ships  frequently  employ  countermeasure.^  on  a 
fuil-limc  basis  for  certain  weapon  types  and  rely  u|)on  the  ability  to  Inter¬ 
pose  countermcraures  In  time  between  the  weapon  and  the  ship  for  other 
weapon  types.  Submarinet^,  on  the  other  hand,  do  not  enjoy  the  privilege  of 
emitting  much  noise.  Therefore,  a  submarine  cuuntermcn.sures  system  must 
be  in  a  standby  condition  such  that  it  can  be  put  Into  operation  by  pushin;., 
a  button,  or  even  automatically,  based  ufion  signal  level. 

23t3  Functional  Rclatlonihlpa 

Although  little  has  l)een  done  to  develop  an  Integrated  acoustic  counter¬ 
measures  system  for  either  submarines  or  surface  ships,  such  an  approach 
apt>ears  to  have  deAnlte  advantages  over  the  individual  equipment  approach. 
Surface  ships,  for  example,  rely  on  echo-tanging  sonar  to  detect  enemy  sub- 
mttrlne.s  and  torpedoes.  Any  towed  nolsemaker  Increases  the  background  level 
through  which  the  sonar  o|)erates,  thus  decrea.sing  its  detection  range.  Alter¬ 
nate  operation  of  the  sonar  and  nolsemaker  partially  solves  that  problem. 
However,  when  a  broadband  receiver  is  added  for  Intercept  pur|>oscs  and  If 
all  equipments  aie  to  he  used  efficiently,  the  problem  becomes  quite  complex. 
Further  complications  arise  when  an  expendable  masker  or  a  discrete  fre¬ 
quency  jammer  Is  placed  in  the  water.  A  similar  situation  exists  for  the  sub¬ 
marine.  Although  the  background  noise  problem  is  not  so  great,  the  submarine 
must  still  detect  and  track  the  attacking  ship  and  its  weapons,  take  counter¬ 
measures  action,  and  escape. 

Since  nunacoustic  methods  of  detection  are  presently  unable  to  detect  a 
submerged  submarine  (although  research  being  conducted  in  this  area  may 
prove  effective)  and  since  the  modern  submarine  is  essentially  a  true  sub¬ 
mersible,  more  at  home  under  water  than  on  the  surface.  It  is  apparent  that 
acoustics  provide  the  only  ready  approach  to  detecting  and  destroying  sub¬ 
marines.  Submarines,  therefore,  should  be  primarily  capable  ut  countering 
acoustic  detection  and  attack. 

The  submarine  platform  will  be  used  here  as  the  basis  for  developing  a 
countermeasures  system  and  showing  the  functional  relationships  of  the  sub¬ 
systems.  Figure  23-1  shows  a  functional  block  diagram  of  such  a  system. 
'Fhc  intercept  subsystem  provides  the  knowledge  that  the  submarine  is  under 
active  sonar  surve)ilancc.  The  received  sonar  signals  arc  analyzed  and  dis¬ 
played  by  the  next  subsystem.  This  display  also  prc.sents  information  from 
the  listening  or  passive  sonar  to  permit  the  trucking  of  noisy  targets.  The 
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Fiuure  23*1  CoyntermffttUffi  Syitcm  Kunctlann}  Block  DUgrim 

anulyEfd  signal  data  are  fed  to  the  controls  of  both  the  mounted  and  ex¬ 
pendable  Jammers  setMnft  the  Jammers  on  frequency.  In  the  presence  of  sig¬ 
nals  of  different  frequencies,  the  Jammers  could  t>c  set  to  transmit  on  a 
time-shared  basis,  giving  preference  to  the  signal  considered  to  be  the  greatest 
thfcut.  At  such  time  as  it  is  desirable  to  Jam,  the  mounted  Jammer  would  be 
Activated.  Upon  activation,  a  signal  feeds  the  intercept  rcce!\  ;r  causing 
blanking  of  the  portion  of  the  frequency  band  being  Jammed.  Thus,  the 
receiver  can  still  accept  signals  in  the  remainder  of  the  band.  In  the  mean¬ 
time,  the  expendable  units  are  armed,  programmed,  and  readied  for  launch¬ 
ing.  Launching  readiness  is  relayed  from  the  launcher  to  the  launching  con¬ 
trol.  Upon  release,  the  expendable  Jammers  commence  transmitting  and  the 
mounted  Jammer  is  secured.  Since  the  Jamming  signal  is  the  snme  from  both 
Jammers  and  the  itHHlion  of  the  sources  essentially  the  same,  the  switch 
sh(»u!d  go  undetected. 

The  submarine  is  now  free  to  maneuver  to  take  advantage  of  the  maneuver 
program  .set  Into  the  jammer  vehicle.  One  or  more  decoys  would  now  be 
launched  from  behind  the  Jammer  screen,  giving  the  enemy  a  realistic  sub¬ 
marine  ‘  rget.  rhis  decoy  target  would  be  programmed,  as  was  the  jammer, 
by  the  launching  control.  The  program  would  be  set  to  lead  the  enemy  away 
from  the  submarine  such  that  the  Jammer  screen  remains  between  the  sub- 
»narlnc  and  the  enemy.  Small  hovering  Jammers  and  decoys  can  also  be 
launched  to  provide  additional  false  targets  should  the  enemy  fall  to  classify 
the  decoy  as  a  target. 

2«'i.4  Functional  Integration 

It  is  apparent  (hat  integration  of  the  functions  of  the  various  components 
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is  necessary  to  provide  ready  response  to  a  threat  with  a  minimum  of  equip¬ 
ment.  Feeding  the  Jammer  from  the  receiver  eliminates  the  need  for  a  separate 
receiver  associated  with  the  mounted  jammer.  Similarly,  a  feed  from  the 
passive  sonar  eliminates  the  need  for  this  function  In  the  Intercept  receiver. 
The  ielf-pro|)ellcd  vehicles  would  l>e  designed  to  perform  either  the  Jamming 
or  decoy  function,  reducing  the  number  of  vehicles  carried  and  increasing 
their  flexibility. 

Intercept  look-through,  by  blanking  out  the  jammed  portion  of  the  fre¬ 
quency  spectrum,  has  not  been  previously  incorporated  in  either  the  h>pothet- 
leal  Intercept  receiver  or  the  receiving  section  of  the  hypothetical  jammer. 
The  jammers  have  been  designed  with  a  recelve-transmit  cycling  arrange¬ 
ment  so  that  frequency  shifts  could  be  followed.  However,  there  was  a  delay 
in  following  the  shift  equivalent  to  the  transmitting  time  remaining  in  a 
particular  cycle.  The  look-through  feature  in  a  countermeasures  system  will 
|)ermit  the  iollowlng  of  frequency  changes  much  more  rapidly. 

Some  knowledge  of  the  range  to  the  enemy  Is  necessary  to  Intelilgcntly 
make  tactical  decisions  based  upon  the  probability  of  having  been  detected. 
I’rescntly  an  estimate  Is  made  based  upon  the  intensity  of  his  noise  output 
and  the  repetition  rate  of  his  sonar.  However,  this  does  not  provide  accurate 
information.  Passive  ranging  sets  have  been  developed,  but  the  complexity 
Is  such  that  their  Incorporation  in  the  countermeasures  syster  would  be  of 
questionable  value,  particularly  since  they  operate  on  noise  rather  than  sonar 
echoes  (pings).  A  triangulation  ranging  system  with  a  base  line  along  the 
length  of  the  submarine  Is  limited  in  accuracy  to  short  ranges  normal,  or 
nearly  normal,  to  the  base  line.  Its  value  is  also  questionable  since  sonar 
ranges  have  increased  along  with  the  ranges  from  which  weai>ans  cun  be 
delivered.  Passive  ranging  underwater  by  the  use  of  different  signal  paths 
may  provide  the  solution,  but  Insufftclent  work  has  been  done  in  thi.» 
Reasonable  success  has  been  achieved  with  a  passive  system  using  the  paths 
in  air  of  electromagnetic  signals.  No  attempt  has  been  made  to  inc<»rp<trate 
a  range  solution  In  the  system  being  hy|)othesixcd  since  It  Is  feit  that  ranges 
to  ships  can  be  acquired  by  a  passive  flic  control  set  or  rcasonuLV  estimated 
by  the  aforementioned  meth(Kis.  Presently,  the  acquisition  ranges  of  acoustic 
pinging  torjHJdoes  are  such  iluit  !n;mcdiatc  countermeasures  HC*l”n  should 
be  taken  as  sm)n  as  the  weapon  has  been  detected.  The  extravagance  of 
having  the  option  of  deciding  when  to  counter  does  nut  exist;  (t  is  a  matter 
of  necessity  to  act  immediately.  At  such  a  time  as  tari)edoes  can  detect  tar¬ 
gets  tit  considerable  range,  accurate  riinge  infitrnmtion  may  liccomc  a  neces¬ 
sity  and  v;arrant  a  complex  set  to  perform  the  function. 

The  lm|)ortance  of  timing  in  jammer  use  cannot  be  ovcremphaslxcd.  The 
time  to  start  Jamming  Is  an  oii-thc-sput  tactical  decision  based  on  the  serious- 
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nc5S  of  the  threat;  the  time  required  to  ihift  frequency  and  the  relative  time 
assiKned  to  each  frequency,  when  more  than  one  Is  being  Jammed,  are  design 
considerations  and  are  built  Into  the  equipment.  Since  jamming  deilnltely 
classiAes  the  t'  as  submarine,  the  time  to  start  is  the  most  critical  of 
the  three  and,  due  to  the  many  variables  involved,  cannot  be  predicted  with 
any  degree  of  n.\uracy  other  than  on-the-spot,  Thus,  It  Is  left  as  a  command 
decision.  Although  the  time  to  shift  frequency  and  the  relative  times  asslgnetl 
to  each  of  the  frequencies  to  be  jammed  may  be  determined  on-the-spot  for 
a  mounted  jammer,  this  is  not  the  case  for  the  expendable  type.  These  fre¬ 
quency  shifts  should  be  made  automatically  by  the  equipment.  To  assure 
like  transmission.i,  they  should  also  be  automatic  In  the  mounted  jammer, 
perhaps  with  a  manual  oveiride  feature.  Once  launched,  an  expendable  unit 
normally  can  no  longer  be  controlled  from  the  submarine. 

To  be  effective,  a  submarine  decoy  should  provide  doppler  echoes,  propul¬ 
sion  noise,  wake  simulation,  and  maneuvering  characteristics  comparable  to 
that  of  A  submarine.  Hovering  decoys  are  rather  simple  and,  generally,  pro¬ 
vide  only  a  doppler  echo.  The  amount  of  doppler  shift  is  A;icd  for  a  given 
frequency  band  and  corresponds  to  that  of  an  average  speed  submarine. 
Self-propelled  decoys,  due  to  their  movement,  require  no  built-in  doppler. 
Propulsion  noise  corresponds  to  the  gear  whine  and  propeller  beat  of  the 
submarine  and  is  representative  of  types  of  submarines  rather  than  any  given 
ono.  The  degree  of  realism  must  be  general  rather  than  speclAc.  A  target 
with  the  general  characteristics  of  a  submarine  Is  apt  to  be  so  classiAed,  par¬ 
ticularly  when  a  direct  comparison  with  the  submarine  is  not  possible.  The 
decoy  life  should  be  limited  to  the  time  required  by  the  submarine  to  clear 
the  area.  A  decoy  with  a  long  life  may  permit  the  enemy  to  discover,  by 
prolonged  tracking  and  analysis,  a  characteristic  that  is  not  pre.sent  In  a 
submarine.  From  then  on,  this  characteristic  would  be  sought  out  initially 
uml  obviate  classiAcatiun  as  a  submarine. 

2d.!S  inirreppUoii 

'Phe  basic  requisite  of  any  countermeasures  system  is  a  means  to  provide 
knowledge  that  one  is  under  surveillance.  The  underwater  Intercept  receiver 
pnjvides  <iuch  information.  The  submarine  will  be  u.sed  here  as  the  platform 
since  its  intercept  requirements  are  more  Inclusive  than  those  of  a  surface 
ship.  'Phe  basic  difference  between  an  Intercept  receiver  and  a  passive  sonar 
is  that  the  former  is  designed  to  intercept  deliberately  transmitted  signals, 
whereas  the  latter  is  designed  to  detect  the  noise  ships  make  In  transiting  the 
seas. 

Early  intercept  was  provided  by  passive  sonar  with  a  supersonic  converter. 
Such  un  equipment  required  manual  scanning  In  both  azimuth  and  frequency 
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with  a  resultant  very  low  probability  of  intercept.  Baaed  upon  the  premise 
that  the  bearing  to  any  threat,  assumed  to  be  a  waterborne  vehicle,  could 
be  determined  by  the  passive  sonar,  the  intercept  design  was  based  on  omni¬ 
directional,  frequency  scanning  receivers  of  the  panoramic  type.  High  back¬ 
ground  noise  levels  rendered  these  receivers  practically  useless.  Several  re¬ 
ceivers  were  developed  following  World  War  II  using  various  techniques  for 
detecting  dlKreto  frequency  signals  within  a  broadband.  The  trend  toward 
passive  sonars  without  su|>ersonlc  converters  coincided  with  the  compltiLri 
of  the  al)ovc  developments  and  in  the  absence  of  noise  from  the  transmitting 
ships,  it  was  no  longer  possible  to  determine  the  source  bearing  of  an  echo¬ 
ranging  sonar.  (The  converter  extends  the  frequency  range  of  the  passive 
sonar  receiver,  enabling  it  to  detect  echo-ranging  sonars.)  The  requirement 
for  provldlnr  bearing  data  integral  with  frequency  information  was  quite 
evident. 

The  first  signifleant  effort  in  this  direction  resulted  in  a  receiver  system 
made  up  of  a  spherical  lens  hydrophone  and  a  correlation  type  receiver. 


Fiovrk  Underwater  Intercept  Receiver,  Q-Sp.  Block  Dlasram 
(Courtesy  V.  S.  Savy  Kiectrontrs  Laboratory,) 


Figure  23-2  presents  a  bltKk  diagram  of  the  equipment  dcvelo|>ed.  The 
hydrophone  was  made  of  36  elements  around  the  equator  of  a  sphere  which 
was  Ailed  with  a  focusing  Auid.  An  incoming  signal  would  be  focused  on  the 
element  on  the  side  of  the  sphere  opposite  to  the  transmitting  source.  Three 
modes  of  o|)cration  were  provided  by  which  one  could  observe  360  degrees 
of  azimuth,  a  60  degrees  sector  or  a  10  degrees  sector,  The  equipment  was 
normally  operated  for  360  degrees  coverage.  Upon  detection  of  a  signal,  a 
push-button  keyboard  permitted  localization  to  the  i)ropcr  60  degrees  sect  or. 
Switching  to  the  10  degrees  sector  mode  of  operation,  the  same  keyboard 
permitted  one  to  determine  the  element  receiving  the  highest  signal  level 
and  thus  the  bearing  to  a  10  degrees  sector.  However,  such  an  arrangement 
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required  time  to  nerrow  down  the  bearing.  A  wave  trap  filter  rvas  canned 
across  the  frequency  band  to  determine  the  signal  frequeiK  :"he  main  weak¬ 
ness  c*  this  system  becaine  apparent  If  the  source  transmit  prior  to 

receiving  i’noush  puises  to  determine  both  bearing  and  frequency.  A  trained 
operator  could  usually  obtain  the  necessary  :ata  from  10  to  12  pings.  For  a 
source  at  5000  yards,  the  data  could  usually  be  obtained  in  no  less  than  one 
minute  Should  an  Kho- ranging  torpedo  be  launched  within  1000  yards  of 
the  submarine,  insufftc*ent  would  remain  lo;’  countermeasures  action. 
The  Incoming  signal  (see  Figure  23-2  again)  was  amplihed  and  split 
such  that  part  was  delayed  and  the  remainder  heterodyned  and  filtered  to 
pass  the  upper  sideband.  The  delayed  and  hetercU^  .  signals  were  mixed 
resulting  in  the  oKillator  frequency  output  This  output  wa.  gain  mixed 
with  another  signal  from  an  oscillator  800  cycles  per  second  hlgh\  than  the 
Arst,  resulting  in  an  800  cps  tone  which  wa.s  Altered,  ampKAed  and  .  ‘  to  a 
speaker  or  headset.  Only  signals  of  duration  longer  than  the  delay  wen  ^  ^ 
related  into  an  output.  Short  pulses,  such  as  noise,  resulted  In  no  output 
from  the  correlation  mixer. 

To  overcome  the  dcAclenclcs  of  the  Arst  correlation  receiver,  a  system 
wu  developed  which  would  automatically  Indicate  ihc  bearing  and  frequency 
of  a  transmitted  pulse.  This  system  employed  thrae  hydropbonaa,  placed  at 
the  vertices  of  an  equilateral  triangle  from  which  the  bearing  was  determined 
by  the  difference  in  time  of  arrival  of  the  signal  at  the  hydrophones.  At  Arst. 
correlMtion,  similar  to  that  deKribed  above,  was  employed  only  In  the  detec¬ 
tion  channel.  However,  noise  pulses  at  the  hydrophones  tended  to  throw 
the  bearing  off,  particularly  at  higher  speeds,  Further  development  resulted 
in  placing  the  correlation  delay  !n  alt  three  bearing  channels;  false  bearing 
readings  are  reduced  considerably.  Figure  23-3  presents  a  block  diagram  of 
the  improved  syst  m  for  the  Intercept  receiver.  The  operation  of  the  correla¬ 
tion  circuits  in  the  bearing  channels  Is  the  same  as  desci^bed  above.  One  of 
these  channels  also  feeds  the  audio  output.  The  source  bearing  la  determined 
from  the  trigonometric  relationships  between  the  equilateral  triangle  formed 
by  the  hydrophone  array  and  the  Incident  wave.  The  distance  between  hydro¬ 
phones  traveled  by  the  wave  divided  by  the  velocity  of  sound  gives  the  time 
the  wave  travels  between  the  hydrophones  The  differences  in  times  of  erriva! 
are  measured  in  the  bearing  circuits  of  the  hydrophones.  These  time  differ¬ 
ences  are  transformed  into  an  a-c  signal  and  fed  to  the  windings  of  a  bear¬ 
ing  synchro.  l*he  combination  uf  these  signals  In  the  synchro  results  In  the 
shaft  displacement,  and  the  source  t)earing  Is  read  ditectly  from  the  meter 
which  is  calibrated  in  degrees  of  relative  bearing, 

Essentially,  a  cycle  counter  is  used  to  determine  frequency.  Each  cycle 
generates  u  Axed  Increment  of  internal  signal.  These  increments  are  added 


PiouRi  33-3  Underwitef  Intercept  Receiver,  AN/WLR-3,  Equipment  Block  Dliigrtm 
(CPUfiny  Cintriti  SUfirU  C9.) 

fed  to  the  meter  which  Is  calibrited  In  frequency.  Thus,  the  Intercept 
receiver  can  Indicate,  from  a  single  ping,  frequency  and  source  bearing.  An 
alarm  Is  incorporated  to  call  the  attention  of  an  operator  should  the  equip¬ 
ment  be  In  uriattended  operation.  A  hold  feature  retains  the  meter  readings 
for  a  Axed  period  of  time  or  until  reset. 

An  Intercept  receiver  must  cover  a  frequency  band  which  Includes  all 
known  or  anticipated  signals  of  a  threatening  nature.  One  must  be  able  to 
detect  all  echo  ranging  torpedoes,  which  generally  operate  at  higher  fre¬ 
quencies  and  set  the  upper  limits  of  the  band,  as  well  as  the  lower  frequency 
search  sonars.  Both  torpedo  and  sonar  designers  tend  to  take  advantage  of 
the  greater  ranges  possible  at  lower  frequencies.  During  World  V/ar  II, 
torpedoes  operated  In  the  60  to  80  kilocycle  per  second  frequency  range, 
whereas  sonars  were  pretty  much  cunAned  to  the  20  to  40  kilocycle  per 
second  frequency  range.  In  the  near  future,  it  is  quite  pouible  that  ';earch 
sonars  will  operate  below  15  kepa  and  torpedoes  between  20  and  40  keps. 
Since  the  sonars  will  o|>erate  at  frequencies  as  low  as  s  few  hundred  cycles 
per  second,  the  Intercept  problem  should  become  progressively  more  dlfAcult. 
If  the  frequency  range  from  1  to  80  keps  la  effectively  covered,  one  car. 
presently  expect  to  detect  Just  about  all  the  operational  sonars  and  weapons. 
However,  in  a  few  years,  this  coverage  will  be  extended  to  include  a  band 
from  about  50  to  100  cps  at  the  low  end  and  up  to  80  keps  at  the  high  end, 
to  be  reasonably  certain  of  adequate  intercept  capability. 

The  pulse  response  of  an  Intercept  receiver  is  also  a  vital  factor  to  be 
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considered.  It  is  necessary  to  have  the  capability  oi  detectInK  and  analyainp: 
pulsed  signals  from  as  short  a  time  a.s  one  millisecond  tn  a  few  hundred 
milliseconds  and  even  continuous  wave  signals.  It  is  not  likely  that  pulses 
will  become  shorter  than  one  millisecond  since  it  Is  still  necessary  to  get  the 
signal  i’^formution,  and,  at  the  same  time,  discrimlnnte  against  noise  bursts. 
In  general,  torpedoes  employ  short  pln^  !hs  of  a  few  milliseconds,  whereas 
sonars  use  longer  pings. 

It  Is  difficult  to  dehne  the  sensitivity  of  an  intercept  receiver  In  a  practical 
manner.  If  one  speciAes  high  sensitivity,  the  false  alarm  rate  during  high 
noise  bachground  conditions  is  intolerable.  A  low  sensitivity  can  reduce  an 
intercept  receiver’s  range  to  that  ec^ual  to  or  less  than  the  ranges  obtained 
under  low  noise  conditions  with  a  sonar.  It  is  necessary  to  have  a  threshold 
level  control  such  that  the  Intercept  receiver  always  has  a  detection  range 
advantage  over  the  sonar.  Since  the  same  environmental  factors  affect  both 
the  sonar  and  intercept  receiver,  the  sensitivity  can  be  expressed  as  a  func¬ 
tion  of  sonar  detection  range.  Sonar  detection  range  Is  generally  deAned  as 
that  range  at  which  there  Is  a  50  percent  probability  of  detection  under  the 
exi.sting  conditions.  If  one  speciAes  the  Intercept  scn.sttivity  as  being  tn  85 
to  90  |>ercent  probability  of  detecting  the  sonar  signal  at  the  sonar  detection 
range,  for  the  existing  conditions,  the  sonar  will  rarely  receive  an  echo  from 
the  submarine  carrying  the  intercept  gear  If  it  chooses  to  take  evasive  action. 

One  weakne.is  of  all  intercept  receivers  developed  to  date  has  been  the 
lack  of  Jammer  discrimination.  To  make  effective  use  of  such  a  receiver  In 
a  Jamming  environment,  it  must  be  capable  of  reducing  the  Jamimer  influence 
without  reducing  the  sensitivity  across  the  entire  frequency  band.  To  be 
most  effective  with  a  jammer,  one  mu.*^t  Al!  ih*  cAective  bandwidth  that  a 
sonar  can  accept.  Likewise,  this  same  ba.idv  ^*  N  must  be  rejected  by  the 
Intercept  receiver.  Since  sonar  receiver  bai  dvv<«  ,ns  vary  with  frequency  and 
pulscwldth,  n  suitable  Jammer  rejection  Al.^  in  an  Intercept  receiver  must 
have  variable  bandwidth  and  be  tunable  across  the  frequency  band  being 
covered.  An  alternative  would  be  the  use  of  a  series  of  adjacent  Alters  acros.s 
the  band  that  could  be  Inserted  one  or  more  at  a  time.  Such  an  arrange' 
mcr.t  would  be  less  efAclent  since,  to  keep  the  number  of  Alters  to  a  practical 
minimum,  the  rejected  bandwidth  would  Im*  mure  than  the  Jammer  band¬ 
width.  Since  jammers  have  outputs  of  98  to  100  db//I  dync/cm^  (corrected 
to  1  yard),  and  because  of  the  proximity  of  the  Jammer  and  Intercept  receiver, 
the  rejection  of  the  filter  must  sixablc.  The  rejection  requirement  is  not 
so  great  with  expendable  jammers  since  the  receiver  t('  Jammer  spacing  Is 
greater  and  the  Jammer  output  is  5  to  6  decibels  lower. 

'rhe  primary  factor  which  generates  confidence  in  an  Intercept  receiver  is 
Its  probability  of  intercept  with  a  minimum  of  false  alarms,  Confidence  <s 
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soon  lost  if  one  cannot  rely  on  picking  up  sonar  siftnals  prior  to  oeinR  de¬ 
tected  by  those  signals.  On  the  other  hand,  great  reliance  will  be  placed  In 
an  equipment  which  has  proven  that  it  can  permit  a  submarine  to  maneuver 
beyond  sonar  range  until  such  time  as  It  Is  desired  to  do  otherwise.  Scan¬ 
ning,  both  frequency  and  azimuth,  requires  time  which  reduces  intercept 
probability,  particularly  against  short  signals  such  as  a  torpedo  transmits. 
Thus,  the  most  dangerous  signals  are  most  apt  to  be  missed  in  a  scanning 
system.  A  receiver  that  Is  “wide-open”  In  both  azimuih  and  frequency  is 
required  to  overcome  this  liability.  To  be  sure,  such  equipment  Is  not  as 
sensitive  os  a  scanning  receiver  but,  for  tactical  purposes,  one  U  not  too 
concerned  about  signals  of  very  low  level  since  these  will  not  return  echoes 
to  the  sonar. 

Intelligence  ty|>e  receivers  have  not  been  mentioned  because  the  require¬ 
ments  are  different.  The  probability  of  Intercept  of  an  intelllgenLe  type  re¬ 
ceiver  need  not  be  at  high  as  that  of  a  tactical  equipment.  However,  a  high 
sensitivity  and  good  signal  analysis  capability  are  necessary  to  a  higher 
degree  than  in  the  tactical  receiver. 


23.6  Jamming 

Jamming  Is  a  vital  function  to  be  performed  by  any  countermeasures 
system.  The  pur|K)se  of  Jamming  Is  to  break  the  sonar  contact  causing  the 
enemy  to  begin  a  new  search  for  the  target.  It  Is  most  difHcult  to  “.scil”  a 
decoy  if  contact  is  maintained  with  the  real  target.  'I'hus,  breaking  the  con¬ 
tact  by  jamming  actually  hides  the  real  target  and  creates  a  situation  in 
which  the  decoy  is  more  likely  to  be  classined  as  a  target.  The  relative  merits 
of  masking  ond  jamming  have  been  argued  many  times.  Each  method  of 
breaking  contact  has  its  merits.  Against  passive  sonar,  masking  is  the  only 
suitable  method  since  It  uses  a  broadband  noise  source  and  there  Is  no  good 

way  to  determine  the  acceptance  band¬ 
width  of  the  sonar.  Against  active  sonar, 
masking  has  little  to  recommend  It,  ex- 
ce|U  against  very  short  pulses  which  are 
in  the  order  of  duration  of  noise  pulses. 
Jamming  centered  on  the  .sonar  frequency 
r  1  -  I  with  a  I'^ndwldth  approximating  that  of 

I  r  *t**...  ►  <  f  -I  the  sonar  is  much  more  effective  for 

juilscs  of  practical  length.  Figure  23-4 
graphically  presents  tiie  relative  effective¬ 
ness  of  a  noisemaker  t>r  masker,  and  a 
Jammer  agaln.st  very  short-pulse  .sonar. 
Sonar  It  is  ({ulte  apparent  that  the  Jammer  is 
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more  effective  for  pulse  lengths  in  excess  of  about  0.2  milliseconds. 

Initial  attempts  at  Jammer  development  resulted  in  canister  and  self- 
propelled  Jammers  which  had  receive  and  transmit  modes  of  operation  using 
a  single  transducer.  The  cycle  required  30  seconds  to  complete  and  consisted 
of  a  5  second  receive  and  25  second  transmit  mode  of  operation.  When  a 
signal  was  received,  the  receive  mode  was  automatically  switched  to  the 
transmit  mode  resulting  In  a  transmission  of  25  seconds  plus  the  remainder 
of  the  5  second  receive  mode.  Following  transmission,  there  was  a  brief 
dead  period  to  permit  reverberations  to  die  out  before  another  recep¬ 
tion.  This  precluded  triggering  on  the  previous  Jammer  transmission.  In 
the  event  that  no  new  pulses  were  received  within  the  5  seconds,  the 
previous  signal  was  retransmitted.  Thus,  changes  in  the  sonar  frequency 
could  be  followed  with  a  delay  no  greater  than  30  seconds.  The  active 
life  of  such  Jammers  was  on  the  order  of  2C  to  30  minutes  and  was  limited 
primarily  by  battery  capacity.  A  similar  Jammer  was  developed  for  mounting 
on  submarines.  This  equipment  had  greater  output  and  a  manual  override 
feature.  The  override  feature  permitted  recycling  to  the  receive  mode  at  any 
time  and  was  most  useful  when  confronted  wiia  a  multiple  sonar  attack. 
Should  the  Jammer  be  transmitting  on  the  sonar  frequency  considered  les.s 
threatening,  it  could  be  recycled  until  It  transmitted  on  the  mcist  threatening 
sonar  frequency.  All  of  these  Jammers  give  statistical  preference  to  the 
sonar  with  the  highest  repetition  rate  since  the  probability  of  receiving  that 
sonar  is  greater. 

!n  a  later  development  the  masking  and  Jamming  features  were  combined 


PiuusK  23-5  NAH  Csnliter  Beacon,  Block  DUxram 
(Courtfiy  V.  S.  Savy  Hlttironki  Laboratory,) 


in  a  single  equipment.  Figure  23-5  shows  a  blcKk  diagram  of  the  beacon 
which  transmits  both  jamming  and  masking  .signals  on  u  iime-Khured  basis. 
If  no  signal  is  received,  broadband  noise  is  transmitted  for  25  seconds.  If 
a  signal  is  received  in  the  listening  mode,  the  operation  Is  the  same  a.n  de- 
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Ftauu  2J-6  Character  of  Multiple  Signal  Jammer 
(Courtesy  V.  S.  Savy  Electronics  Letbonsiofy.) 


acribed  above  for  the  atralKht  jammer,  llic  lateat  development,  known  la 
the  multiple  aignal  jammer  (MSNAH),  tlme-iharea  nulae  with  several  sonar 
freqttenclra.  Kltturc  23-6  indicates  the  character  of  the  jammer  transmlsaiun 
after  the  reception  of  several  pings  of  two  different  sonar  frequencies.  This 
equipment  permits  jamming  of  mttre  than  one  sonar  as  long  as  the  recorded 
frequency  sufoples  arc  relatively  short  and  repeated  at  short  intervals.  If 
the  spacing  between  jamming  pulses  at  any  given  sonar  receiver  Is  greater 
than  the  retentivity  of  the  ear  or  the  t)ersister.ce  of  the  sonar  cathode-ray 
tube,  some  effect ivenc.Hs  is  lost. 

It  has  been  determined  that  a  jammer  that  can  be  programmed  to  travel 
a  given  course  is  mure  effective  than  a  stationary  or  hovering  jammer  whose 
output  may  be  10  decibels  greater.  1'hi.H  la  due  to  the  fact  that  the  submarine, 
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havIriK  mei  the  program  into  the  Jammeri  can  maneuver  to  take  I}e8t  advan¬ 
tage  of  the  Jamming  cover.  The  requirements  on  n  Jammer  are  such  that  it  is 
nearly  impossible  to  provide  effective  cover  throughout  the  entire  attack  run 
of  a  surface  ship  planning  to  use  depth  charges.  Generally;  the  submarine 
echo  starts  to  show  through  the  Jamming  at  a  ranve  of  200  to  300  yards  to 
the  ship.  Huwe^*^  In  jl  fast  closing  attack  the  uttnc  /.r  has  gone  beyond  the 
point  ui  whiuii  Mve  control  solution  can  be  developed  for  any-; 
depth  charges  launched  from  the  stern,  Even  these  would  be  In¬ 

effective  unte.ss  the  attack  run  turned  out  to  be  passing  direcDy  over  the 
submarine  target. 

The  effectiveness  of  Jamming  against  sonar  is  demonstrated  in  Figum 
23-7;  23-S,  and  23-9  which  are  photographs  of  a  sonar  presentation  following 
three  successive  pings.  Figure  23-7  shows  a  target  clearly  at  about  340  de¬ 
grees  and  about  three-fourths  of  tn  Inch  from  the  end  of  the  bearing  cursor. 
The  main  body  of  the  target  appears  to  the  left  of  the  cursor.  Figure  23-8 
shows  the  same  presentation  after  the  next  ping  with  Intense  brightening  In 
the  target  area  and  general  brightening  over  the  entire  sco|>c.  It  Is  impossible 
to  determine  the  range  to  the  target  and  the  bearing  can  only  be  approxi¬ 
mated  by  bl.sectlng  the  sector  of  greatest  Jamming  intcn;(ity.  Figure  23-9 
shows  the  presentation  after  the  next  ping;  the  gain  having  been  considerably 
reduced  (estimated  20  to  30  decibels).  There  Is  still  no  trace  of  the  target 
through  the  Jamming.  Under  this  condition  of  reduced  gain;  the  target  would 
be  difficult  to  detect  even  If  it  should  emerge  from  the  Jamming  wedge.  Figure 
23-10  shows  a  submarine  emerging  from  a  Jamming  wedge  at  clo.«c  range, 
estimated  at  600  to  700  yards.  It  l.i  r*pparenl  thn  the  target  would  not  be 
discernible  if  it  had  remained  in  the  jamsned  sector.  The  Jammer  is  about 
500  yards  from  the  sonar;  and  (he  bearings  to  the  Jammer  and  submarine 
differ  by  about  The  limitation  of  the  Jammer  is  readily  seen. 

The  Jamming  signal  should  be  a  fair  *'eproductiun  of  the  received  sonar 
signal.  The  recorded  sonar  signal  will  be  shifted  slightly  from  the  transmitted 
one  due  to  the  relative  r  otion  between  the  ship  and  submarine,  fn  addition, 
frequency  modulation  caused  by  slight  8t)€ed  variations  in  the  recorder  motor 
further  alter  the  sigimb  In  the  event  that  the  pulse  length  is  greater  than 
the  time  required  for  one  revolution  of  the  recorder  dl.sc  an  overlap  occurs 
resulting  In  a  phase  discontinuity  lU  the  overlap,  'rhu.s,  there  are  enough  ur.- 
controllabie  factors  affecting  the  quality  of  reproduction  and  care  .should  l>o 
uken  nf)t  to  introduce  other  causes  for  signal  deterioration. 

'I’hr  rccclvlrjg  pullcrn  of  the  hytirtiphonc  should,  for  a  mounted  jammer 
tti  least;  closely  ivsembic  the  target  .ntrength  pattern  of  u  suljinarine.  If  such 
is  the  case,  and  the  jamnter  is  set  to  o))crate  on  threshold  signals,  !t  will  be 
more  likely  to  trigger  on  only  those  signals  which  would  return  a  recogni/.- 
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able  echo.  Thus,  the  receiving  lensitlvlty  is  tailored  to  a  typical  submarine 
target  strength  pattern.  Since  a  submarine  presci/s  a  stronger  target  nt  the 
beams,  compared  to  bow  or  stern,  the  jammer  is  more  sensitive  in  these 
areas  and  less  in  the  fore  and  aft  directions.  Whether  the  transducer  main¬ 
tains  the  same  pattern  during  transmission  is  not  too  important  since  the 
submarine’s  presence  is  known  anyway. 

The  most  effective  material  for  jammer  and  decoy  transducers  has  been 
X-cut  Rochelle  salt.  Although  the  temperature  characteristics  of  Rochelle 
sail  are  well  known,  this  drawback  is  overshadowed  by  its  over-all  sensitivity 
ond  power  handilng  capabilities  over  a  broad  frequency  band  Other  trans 
ducer  materials  may  be  better  fur  either  receiving  or  transmitting  of  both 
over  a  narrow  band,  but  for  countermeasures  requirements,  Rochelle  salt  has 
proven  best.  The  narrow  hole  in  the  frequency  response  of  Rochelle  salt 
would  he  completely  unacceptable  for  equipment  operating  at  a  given  fre¬ 
quency  all  the  time.  Since  the  frequency  at  which  this  hole  occurs  is  fairly 
unpredictable,  and  since  a  jammet  or  decoy  o}>frates  over  such  a  wide  fre¬ 
quency  band,  the  probability  of  the  hole  occurring  at  the  particular  frequency 
to  be  used  at  any  given  time  is  rather  remote.  Little  difficulty  has  been 
experienced  with  melting  of  the  Rochelle  salt  due  to  exposure  to  high  tem- 
|)craturcs.  Even  the  topside  mounted  transducer  of  n  mounted  jammer  Intro¬ 
duced  no  problem.  However,  an  unpalnted  dome  of  stainless  steel  was  used 
to  reflect  the  rays  of  the  sun. 

To  be  effective  against  present  day  sonars,  a  jammer  tluU  is  mounted  on 
a  submarine  should  have  an  output  on  the  order  of  100  db//!  dyne/cm^ 
(corrected  to  1  yard).  A  jammer  that  is  sr!f-prope!lcd  can  get  away  with 
less  output  since  it  can  be  intcr|K)sed  between  the  sonar  and  the  target  sub¬ 
marine.  The  primary  consideration  is  how  much  of  the  Jammer  output  Is 
useful  in  hiding  the  target.  In  general,  the  jamming  signal  should  l)e  as 
strong  as  the  target  echo  after  proces.^inK  in  the  enemy’s  sonar  receiver.  The 
sonar's  directivity  will  reduce  the  effectiveness  of  the  jammer  if  there  Is  a 
difference  in  bearing  to  the  target  and  the  jammer.  It  cannot  be  expected 
that  /I  target  will  be  hidden  if  Its  bcArlng  differs  from  that  of  the  Jammer  liy 
more  than  about  20  degrees.  In  the  case  where  the  jammer  is  considerably 
closer  to  the  sonar  than  the  target,  the  bearing  difference  can  be  greater, 
possibly  40  degrees.  Where  the  jamming  bandwidth  is  greater  than  the  .sonur 
acce[)tance  band,  only  that  portion  of  the  Jamming  signal  within  the  accept¬ 
ance  bund  will  be  effective.  Echo- ranging  sonars  may  have  acceptance  band- 
widths  of  iOO  cp.s  to  li  maximum  of  about  1000  cps.  I'he  above  mentioned 
jammer  output  level  should  be  for  a  300  cp.s  bandwidth,  rather  than  u  wide¬ 
band  level.  Wideband  noise  is  generally  less  effective  against  echo- ranging 
sonars  since  most  of  the  energy  falls  outside  the  sonar  acceptance  band. 


ruiVKR  23-7  Sonir  PrtKnUtlon— No  Jamminx.  Curaor  on  target  at  340*. 
{Couritiy  V.  S.  Navy  Ktectrantei  L'iboratory.) 


I•‘l(luaa  Sonar  Prcwntallon— Jamming  Prpicnl— Normal  Gain  Setting  on  Sonar 

(Courtfiy  V.  S,  Navy  litfctronici  Laboratory,) 
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Fiouwt  23-9  Sontr  PreKntiUon— Jimmlng  rr#i*nl— Reduced  G»ln  on  Sotur 
{CouHuy  V,  5.  A^avy  Btfctrvnki  Laboratory.) 
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Fuiunr.  23-10  Submirinc  Target  Emerging  From  Jamming  Sector. 
K&nge  Scale  1500  Yards 
(Courtesy  V.  5.  Savy  tJectrcnics  Laboratory.) 
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A  prime  coniiidcration  In  Jammer  design  Is  the  compatibility  of  the  signals 
from  different  Jammer  types.  The  signal  characteristics  should  be  as  similar 
ns  |)()Hsiblc  so  that  they  api^ar  alike  to  echo>ranging  sonars*  Thus,  when  a 
mounted  Jammer  Is  secured  and  a  mobile  or  stationary  type  takes  over,  no 
difference  in  the  signals  should  be  detectable  by  the  sonar. 

23.7  DeroptSon 

Assuming  a  submarine  can  successfully  detect  echo-ranging  sonars  and 
Jn’n  them,  it  can  still  be  held  down  in  an  a.'^en  with  little  chance  for  escape. 
The  battle  then  becomes  one  of  endurance  in  which  the  submarine  If  hard 
pressed  to  compete  with  the  surface,  subsurface,  and  air  forces  which  cun 
be  employed  as  the  battle  continues.  If,  however,  the  submarine  can  pro'/ide, 
early  In  the  game,  a  substitute  target  or  decoy  with  sufficient  realism  to 
attract  the  attackers,  then  there  Is  a  much  greater  probability  of  escape. 
Thus,  the  need  for  deception  devices  arises. 

'I'he  simulation  of  a  submarine  does  not  have  to  be  perfect  by  any  means. 
A  decoy  which  returns  an  echo  similar  to  that  from  a  submarine,  emits 
sounds  like  a  submarine,  provides  a  wake  comparable  to  that  of  a  sub¬ 
marine,  and  maneuvers  within  the  limits  of  a  submarine’s  capability,  has  a 
good  chance  of  being  classtAed  as  a  submarine.  This  classlAcation  la  leas 
assured  If  u  direct  comparison  between  the  decoy  and  submarine  Is  avail¬ 
able  to  the  enemy.  If  the  sonar  contact  with  the  submarine  can  be  broken 
by  jamming,  and  a  decoy  launched  so  as  to  emerge  from  behind  the  Jam¬ 
ming  !  Tcen,  the  probability  of  its  being  classlAcd  as  n  submarine  Is  goo<{. 
Tests  conducted  In  late  1955  and  early  1956  with  developmental  counter¬ 
measures  equipments  in  various  combinations  indicated  that  u  submarine 
improves  his  escuiH*  probability  by  a  factor  of  about  Ave  when  using  counter- 
measures  compared  to  not  u{;!ng  countermeasures.  This  is  based  on  a  total 
of  61  runs  and  99  simulated  attacks  by  surface  ships  operating  singly  and 
in  pairs. 

The  (|uality  of  reproduction  of  a  submarine's  characteristics  can  be  repre¬ 
sentative  of  a  general  class.  Thus,  fleet  submarines  should  have  one  type 
decoy,  guppy  sul)marincs  another  and  nuclear  submarines  still  another.  How¬ 
ever,  this  does  not  mean  that  several  completely  different  decoys  arc  requlrc<l 
since  the  type  of  propulsion  noise  radiated  is  the  primary  difference  In 
acoustic  characteristics.  A  vehicle  designed  to  simulate  the  maneuvering  of 
a  high  speed  nuclear  sul)marjne  can  be  slowed  down,  Its  turn  radius  altered, 
and  its  operating  depth  .stratum  varied  by  programming.  The  echo  charac- 
leristi’s  may  have  t(5  be  altered  but  probably  not  beyond  the  adjustment 
limits  of  a  well  designed  echo  repeater.  The  radiated  noise  output,  however, 
ttiay  be  a  more  critical  factor  that  reciuircs  a  ceparute  source  in  each  case. 
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However,  it  h  c  simple  matter  to  interchange  noise  simulators  to  meet 
specific  needs. 

The  simplest  decoy  simulates  a  single  submarine  charncter^.^tic  rather 
than  all  of  them.  A  dopplcriaed  echo  repeater,  for  example,  is  a  hovering 
type,  has  no  wake  or  propulsion  noise  simulation,  but  just  returns  an  echo 


rtfMlM  witk 


Ftousx  23<!l  HovcrlnR  Decoy  Block  DUinm.  Not0:  Oicillitor  #3  ii  iliKhtly  lower  In 
frequency  thin  Oscillator  #1.  For  the  lower-bind  decoyi  the  difference  in  frequencies 
between  the  two  oiclllttore  U  60  JO  cpi.  Fur  the  higher ’birid  decoys  the  dlffcrvnce 

Is  100  ±  SO  Cpi. 


which  has  reasonable  doppler  characteristics.  Figure  23-1 1  is  a  block  diagram 
of  such  a  decoy.  The  sonar  pulsr  la  received  and  amplIAed,  heterodyned  up 
and  then  down,  amplIAed  again  and  retransmitted.  It  can  readily  be  seen 
that,  if  oscillator  $1  is  slightly  higher  in  frequency  than  oscillator  $2,  the 
output  signal  will  be  higher  in  frequency  than  the  received  signal  by  the 
difference  between  the  two  asclllator  frequencies.  If  this  frequency  difference 
Is  about  60  cps  and  100  cps  for  the  lower  and  higher  band  echo  repeaters 
res|)cctlvcly,  the  doppler  characteristic  simulates  a  low-speed  submarine.  (A 
knowledge  of  the  echo-ranging  frequency,  as  provided  by  an  Intercept  re¬ 
ceiver,  dictates  which  band  echo  repeater  to  employ.)  Since  a  low-sprcd 
submarine,  In  general,  radiates  le.Sb  noise  than  n  high  speed  one,  the  absence 
of  radiated  noise  Is  not  too  signiAcant  at  the  limit  of  the  sonar  detection 
range.  At  shorter  ranges,  the  fact  that  It  is  a  decoy  is  more  apparent. 

Figure  23-12  Is  a  functional  block  diagram  of  a  ielf-proi)eiled  submarine 
decoy.  Upon  launching,  it  follows  a  preset  programmed  course  generating  a 
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Wttkc  and  transmitting  modulated  noise  which  Kimuiates  propulsion  noise.  At 
such  time  hs  it  receives  a  pin^  from  nn  echo-runKinK  sonar^  it  re))eats  that 
pinK  in  the  form  of  an  echo  transmitted  back  to  the  sonar.  It  may  or  may 
not  employ  ccho-elonKalion  which  indicates  lo  the  sonar  the  submarine 
aspect  by  the  lenulh  of  the  echo.  The  target  strength  Is  similar  lo  that  of  a 
.submarine  since  the  transducers  arc  side  mounted  and  the  vehicle  Itself  pro¬ 
vides  shielding  in  the  fore  and  aft  directions.  The  sonic  simulation  of  j)ro- 
pulsion  noise  is  accomplished  by  modulating  a  noise  generator  such  as  to 
present  a  signal  representative  of  pri)|>eller  beats  sui)cr Imposed  on  machinery 
and  gear  noise.  This  signal  is  radiated  by  a  magnetostriction  transducer 
wrapped  around,  *»r  Integral  with,  the  decoy  hull.  The  wake  Is  <lcvelo|H’d  by 
the  chemical  reaction  of  lithium  hydride  with  sea  water.  The  lithium  hydride 
Is  in  the  form  of  small  balls,  or  globules,  of  various  sl/rs  coated  with  a  water 
.soluble  substance.  The  ball  sizes  are  such  that  when  the  reaction  produces 
the  gas,  the  resultant  bubbles  vary  in  size  .so  that  there  are  a  large  number 
resonant  at  all  fre({uencics  within  the  echo-ranging  frequency  band.  A  decoy 
rcj)re.stiued  by  the  <iiagram  of  Figure  23-12  is  effective  against  echo-ranging 
.sonars,  passive  sonars,  and  wake  following  torpedoes. 

'i  herc  arc  natural  counlermea.surcs  available  to  the  submarine.  The  natural 
tempetature  gradient  in  the  ocean  often  provides  a  thermocllme  which,  if 
.sharp  enough,  is  nearly  ImtHmet ruble  l)y  tcho-rnnging  Kmars.  If  the  sonar 
Hourre  is  aiM)ve  the  thernu)cllmr,  a  submarine  can  employ  It  to  hide.  Whales 
and  schools  of  fish  often  return  echoes  mistaken  for  a  submarine  echo.  A 
rapid  turn  or  backing  down  by  the  rubnmrine  results  in  a  concentrated 
wake,  t>r  knuckle,  which  Is  <»ften  Ir^ken  for  the  submarine  Itself.  False  knuckle 
can  also  be  created  by  chemicids. 

jc miners  can  be  considered  decoys  to  a  certain  degree.  If  *he  enemy  con¬ 
cludes  that  the  Jammer  i>  aboard  the  submarine  and  attacks  us  best  as  he 
can  by  dead  rt^koidng  on  tlv  last  target  {xisltion  and  follows  any  beating 
{Irifl  of  the  jamming  wedge,  he  is  effectively  decoyed  when  the  submarine 
launches  an  expendable  jammer  and  secures  the  mounte<l  one  as  he  opens 
range.  On  the  other  hand,  If  the  enemy  concludes  that  the  jammer  Is  not  on 
the  submarine,  be  is  not  likely  to  attack  the  source  of  jamming. 

I’igure  2.M3  depicts  .simultaneously  three  target  echtK’s  on  a  sonar  presen¬ 
tation.  The  top  echo,  upon  which  the  [)eat'ing  cursor  is  trained,  is  the  .sub¬ 
marine;  below  that  at  about  270  degrees  Is  a  turn  knuckle  created  by  the 
sulimaiine;  still  farther  behiw  at  about  22.S  degrees  is  an  AN  SQQ-0  deioy. 

'rarget  a>pect  lias  beei^  menlione<I  only  briedy.  However,  with  greater  re* 
Itnemenls  of  sonars,  it  may  become  a  more  important  feature  in  future 
(hroys.  It  is  well  known  that  the  sonar  return  from  a  .submarine  Is  not  a 
single  pulse  l)Ul  a  series  of  adjacent  short  pulses  caused  by  multiple  rellec- 
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riuuKK  Stiniir  PrcM?ni«tl()n  fShowlng  Thfrc  Tirffcti 

(Courtesy  V,  5.  Sovy  Eltctronks  Laboratrry,) 

tlunii  from  the  outer  hull,  tank»,  »upeistaicturr,  etc.  Thv!!(,  the  echo  length 
ig  a  funrtion  of  the  target  length  along  the  line  of  iHNirIng  from  the  Honar  to 
the  target.  To  return  an  echo  with  a;«jm't  fr'»m  a  decoy,  it  become?*  nrccnRary 
to  determine  the  hearing  of  the  Mmar  !*ourcc  relative  to  the  detoy.  However, 
It  l.s  not  nece«.Hary  to  know  this  bearing  throughout  ,160  degrees.  It  is  suffi¬ 
cient  to  deterndne  the  iinglc  of  bearing  relative  to  the  longitudinal  axis  of 
the  decoy  since  the  echo  length  will  be  the  same  for  u  given  angle,  whether 
to  port  or  starboard.  'Fhe  bearing  angle  can  be  fletermlned  using  the  differ¬ 
ence  in  tinre  of  arrival  of  a  [>ulse  at  two  hydrophoncf  on  the  decoy.  I'hc  length 
of  the  echo  repealed  can  then  he  controlled  from  a  minimum  for  (he  beam  to 
maxima  for  the  bow  and  stern  as|H*cts. 

Two  lype.H  of  decoys  appea*  to  have  merit  but  have  received  little  or  no 
emphasis.  'I'he  brst  Is  the  striMigic  dec(»y  and  the  srcoml  a  weH|H»n  <lec4iy. 
'rhe  strategic  decoy  Is  a  long  riinge  device  which  simulates  a  submarine  and 
wiiuld  be,  in  fact,  a  small  unmanned  sulimarlne.  Suih  decoys  would  be  used 
to  dilute  an  enemy  s  ASW  .siirveiliaiice  effort  iind  create  the  impression  that 
many  more  suinnarines  are  operating  in  a  given  area  than  Is  rictualiy  the 
ca.se.  lly  so  d«dng.  thi*  forces  iivailid)le  tt>r  any  given  contact,  whcMher  against 
a  submarine  or  a  <ieL'(»y,  would  l>e  .educed.  An  intermediate  range  strategic 
decoy  would  be  launched  several  miles  from  a  submarine's  operating  area, 
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(nivol  to  an  area  50  lo  100  mllM  or  more  from  the  .submarine  area,  and 
maneuver  there.  Several  ruch  decoys  launched  from  beyond  the  enemy’s 
detection  ran^c  could  be  programmed  .so  that  all  the  decoys  and  the  sub- 
mariiic  enter  the  nirveiliance  area  at  about  the  same  time  over  a  front  a  few 
hundred  miles  Iona,  If  the  decoys  are  realistic  enouah,  the  submarine  should 
be  able  to  carry  out  Its  mission  with  a  much  higher  probability  of  -uccess, 
A  h»ng  ran'tc  strategic  decoy  would  do  essentially  the  same  thi. . ,  .yUl  be 
launched  Irom  advance  bases,  surface  ships,  or  even  large  aircraft.  Upon 
completion  o'  »  tn,  the  decoy  would  l>e  scuttled  as  arc  the  tactical  decoys. 

A  weaptm  ^  Is  ime  that  appears  like  a  w'cap^m,  for  e.<am,  *le,  a  torpedo 
or  a  weapon  that  appears  to  be  a  countermeasure.  Thus,  a  submarine  could 
launch  u  loriHaiii  and  several  incxpcn.slve  devices  that  appear  lo  be  torpc<loe.i 
to  the  detection  equipment.  The  enemy  would  be  hard  pressed  to  determine 
which  to  avoid  or  counter.  Similarly,  an  active  torpedo  could  have  a  built- 
in  Jammer  with  a  slot  cut  out  of  its  frequency  spectrum  to  echo-range 
thnnigh,  or  a  passive  torpetlo  could  have  a  slut  cut  out  to  listen  throtigh. 
When  these  torpedoes  are  echo-ranged  on,  they  would  jam  the  sonar,  reducing 
its  detection  capability.  Not  only  w«)uld  this  reduce  countermeasures  action 
against  the  torpedo,  but  it  would  also  create  n  healthy  respect  for  Jammers 
since  they  would  be  known  to  “bite  back"  on  occasion.  Running  down  a 
Jamming  .spoke  would  then  be  a  dangerous  practice. 

23.B  Vrhiclea 

It  Is  nece.H.sary  to  u.se  towed  or  ex|>endable  type  vehicles  from  submarines 
and  surface  ships.  The  retiuircments  for  such  vehicles  are  ccinslderably  dif¬ 
ferent  for  li)e  two  platforms. 

Froni  surface  ship.s,  the  vehicle  is  usually  employed  against  lor|)cdocs  and, 
as  such,  must  be  capable  of  immediate  and  rajjld  launching  to  a  range  bey  iiv 
the  (ie.Htruetive  radius  of  the  weapon.  Rocket  launching  provides  about  du 
best  meati.i  lo  effectively  interpose  a  countermeasures  device  between  li  e 
weupiin  and  target.  The  problem  essentially  resolves  into  one  of  detection  and 
evaluaiion  of  the  threat,  training  the  launcher,  and  firing.  It  tan  readily  be 
seen  that  the  countermeasures  must  be  ready  for  firing  at  all  times  from  a 
rtMiUite  posllltm. 

rptui  entering  the  water,  the  device  must  maintain  Uself  in  the  same 
stratum  as  tlir  oncoming  weapoti.  In  additirm,  the  transducer  must  be  at  a 
reasonable  depth  for  good  sound  transmission  and  reception.  Usually  the 
tran.Mliuer  rlepth  is  malnlaimal  at  about  40  nr  50  feel  beneath  the  suiface. 
'I'his  Is  reaiiiJy  accomplished  liy  a  line  between  ‘he  iraiiMlucer  and  a  surface 
lloat;  l)y  means  of  an  impeller  driven  by  a  reversible  motor  wlio.ie  direction 
of  rotation  !s  (let ern lined  by  a  hydrostatic  pressure  .switch;  or  by  means  of  a 
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gft«  bug  arrangement  whereby  u  chemical  reaction  produces  gns  to  f\ll  a  bag 
which  maintains  the  proper  buoyancy  for  the  desired  depth. 

Devices  of  the  above  types  usualiy  c’nji’f.v  Ironic  or  mechanical  sound 
sources.  The  electronic  d^vir^s  are  of  the  echo  repeater  variety  from  which  a 
pinging  torpedo  reccivci?  an  vclio  that  Is  stronger  than  that  from  the  target. 
By  filtering,  the  bandwidth  of  the  fcho>ranging  sonar  can  be  eliminated  from 
the  si)ectruni,  thereby  reducing  interference  with  the  sonar.  Masking  devices 
arc  generally  mechanical  and  emit  continuous  broadberfd  noise.  These  are 
most  effective  against  a  tor|)cilo  which  homes  or.  target  noise.  The  mechanical 
devices  arc  quite  rugged  and  consist  of  a  motor  driving  hammers,  balls,  or 
rollers  against  the  Inside  of  a  cylinder.  The  cylinder  wall  thickness,  motor 
.speed,  and  number  of  hammei£  are  designed  to  produce  the  desired  frequency 
si)eclrum.  Tlie  electronic  devices,  on  the  other  hand,  are  not  so  rugged  and 
the  water  entry  angle  if  more  critical.  The  transducer  is  delicate  and  must 
be  properly  designed  to  withstand  the  shock  of  water  entry.  Since  the  fmee 
on  the  vehicle  at  launching  is  opposite  from  the  force  at  water  entry,  the 
electronic  tubes  and  other  plug-in  components  should  be  mounted  so  that 
they  lend  to  seat  or  reseat  themselves  on  the  Impact  of  wotcr  entry. 

Submarines  employ  vehicics  of  three  basic  configurations  Hovering  ve¬ 
hicles  are  launched  from  the  garbage  ejection  tube  which  is  about  ten  Inches 
In  diameter,  and  the  signal  flare  tube  which  .s  three  'nches  in  diameter.  The 
former  is  directed  downward,  either  vertical  or  up  to  about  45  degree i  from 
the  vertical;  the  latter  is  directed  upward.  Thus,  a  vehicle  launched  from  the 
garbage  tube  must  be  negatively  buoyant  long  enough  for  the  submarine  to 
l)A.ss  over  it  completely  and  then  become  [K)sitively  buoyant  to  rise  to  the 
preset  hovering  depth.  This  can  be  accomplished  by  dropping  a  weight  or 
purging  a  flooded  chamber  at  a  prescribed  time  after  launching.  The  vehicle 
launched  from  a  flare  tube  is  |K)sitlvHy  bouynnt  upon  launching.  Hovering  Is 
maintained  at  a  fixed  depth  by  mechani.Hms  similar  to  those  described  for 
vehicles  launched  from  surface  .ships. 

Seif-pro|)elled  vehicles  to  simulate  submarines  are  launched  from  the  tor¬ 
pedo  tube  by  swimming  out  under  their  own  power.  These  are  u.sually  more 
complex  devices  and  can  be  programmed  to  maneuver  in  azimuth,  s|)eed,  and 
depth.  In  azimuth,  a  gyro  control  !s  used  to  program  course  changes  through* 
out  the  full  360  degrees  referred  to  the  course  at  launching.  The  depth  pro¬ 
gram  is  gcncrtilly  conflned  to  a  selected  stratum,  the  floor  ami  celling  of 
which  are  controlled  by  hydrostatic  limit  switches.  Speed  changes  arc  effected 
by  a  .speed  control  on  the  propulsion  motor.  The  above  program  change.^  must 
be  coordinated  In  such  a  manner  that  they  realist icaiiy  simulate  a  submarine 
performing  the  same  maneuver.  For  example,  speed,  depth,  and  course 
changes  must  be  at  a  rale  reasonable  for  a  submarine.  Likewise,  turns 
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mu.Ht  be  at  n  radius  commensurate  with  that  of  a  full-scale  submarine  and 
the  Hour  limit  should  not  exceed  the  diving  depth  nor  should  the  ceiling  limit 
be  such  that  a  submarine  would  brunch  or  show  aut)erstruclure. 

'rhr-  seif-propelled  vehicles  are  designed  to  be  recovered  after  exercise  ure. 
This  is  accomplished  by  running  them  at  negative  or  neutral  buoyancy  and 
drop])ing  a  weight  at  the  end  of  the  run,  or  hy  running  them  positively 
buoyant.  In  cither  case,  the  vehicle  rises  to  the  surface  when  propulsion 
power  is  removed.  The  hoveritig  vehicles  arc  cither  recoverable  i>r  nut,  dc- 
i)enaing  on  economic  considerations.  The  more  costly  units  are  recoverable, 
whereas  the  less  costly  ones  arc  tleslgncd  to  flood  and  sink  after  the  cxerci.se. 
In  the  warshot  condition,  all  vcii{clr.s  are  ex|)endublc  and  they  arc  set  to  sink 
after  a  run. 

The  |)rlmary  power  source  in  all  types  of  vehicles  b  a  battery.  The  self- 
prutiellerl  units  generally  employ  a  secondary  ly|)e  buttery  for  exercise  shots; 
It  is  recharged  after  recovery.  For  warshols,  primary  ly|>e  batteries  arc  used 
with  the  electrolyte  stored  separately;  they  have  Indcflnite  shelf  life.  The 
hovering  type  units  emijloy  sea  v/ater  activated  b'*llcries  which,  If  the  unit 
is  rectivered,  are  replaced  after  each  use.  Since  (he  declrolyic  Is  sen  water, 
there  is  no  problem  of  maintaining  a  charged  condition  and,  if  stored  in  a 
fairly  dry  utimspherc,  the  shelf  life  is  nearly  Indefinite, 

Towed  vehicles  arc  used  primarily  from  surface  ships  and  can  have  cither 
electronic  or  mechanical  sound  sources.  'i‘hc  mechanical  sources  are  of  tlie 
vibrating  bar  or  motor-driven  types.  The  acoustic  output  is  broadband  and 
provides  a  higher  intensity  target  than  the  lowing  ship.  Fleet ronlc  sourcc.s 
arc  echo  repeaters,  broadband  mu.skers,  or  discrete  frequency  Jammers,  'I‘he 
vibrating  bar  type  requires  only  a  mechanical  towline.  The  electronic  and 
motor  driven  source  vehicles  require  an  electrical  cable  as  well  and  are  con¬ 
trolled  from  the  ship.  Usually,  the  latlcr  types  are  cycled  to  |>ermit  use  of 
the  ship  sonar  without  interference  fnmi  the  countermeasure.  The  vehicles 
arc  designed  to  tow  ut  the  pro()er  depth  throughout  the  towing  speed  range 
of  the  ship,  rowing  from  a  submarine  has  been  done  but  is  not  looked  upon 
favorably.  'I'he  towing  problem  is  more  complex  for  the  submarine  since  it 
operates  in  a  volume  raiher  than  on  a  surface.  Thus,  depth  maneuvering,  an 
well  as  turning,  is  restricted  due  to  the  pusslblllty  of  the  towlinc  becoming 
fouled  with  the  propellers  and  the  .su|H*rstructure.  However,  the  newer  sub¬ 
marines  Udng  more  nearly  true  submersibles,  towing  from  submarines  will 
probably  bei:omc  more  common. 

23i9  i^onelusUm 

It  must  be  remembered  (hat  the  useful  life  of  a  countermeasure,  once  put 
into  o{>cration  In  a  war  situation,  is  .short  at  bc.st.  Great  effort  is  expended  to 
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overcnnic  any  advantage  an  enemy  derives  from  his  countermeasures.  Simi¬ 
larly^  the  advantaKc  of  a  new  measure  Is  limited  to  the  time  required  to 
effectively  counter  It,  New  measures  breed  new  countermeasures  and  vice 
versii.  To  be  sure,  both  measures  and  countermeasures  may  have  some 
residual  value  In  certain  circumstances  after  they  have  been  effectively  by¬ 
passed  by  newer  techniques.  However,  space  limitations  usually  legislate 
against  carrying  both  the  old  and  the  new;  the  old  Is  shunted  aside. 

Since  the  mcasurc-countcrineasure  game  l.s  very  dynamic  and  the  enemy 
ctmlrols  the  cemntermeasure  to  a  large  degree  by  the  lyi>e  of  measure  he 
employs,  It  I.h  generally  desirable  to  design  countermeasures  to  operate 
against  equipment  ty[)e.H  rather  than  si^eciftc  equipments.  Even  If  one  could 
assume  detailed  knowledge  of  the  susceptibility  of  an  enemy  measure  (one 
usually  cannot),  this  would  still  be  true.  If  countermeasures  are  designed 
only  against  spcciAc  equipments,  a  slight  change  In  the  measure  could  render 
a  countermeasure  totally  uselcs.s.  For  example,  a  jammer  designed  to  take 
full  advantage  of  a  given  echo-ranging  sonar  by  transmitting  the  exact  fre¬ 
quency  and  bandwidth  accepted  by  the  sonar  would  be  ineffective  should  the 
sonar  frequency  be  changed.  By  the  time  the  jammer  could  be  modified  and 
readied  for  fleet  usage,  many  .ships  and  lives  might  be  lost,  Had  the  jammer 
been  designed  for  use  against  sonars  echo  ranging  within  a  broad  band  of 
frequencies,  its  utility  would  not  have  been  lost  com|)letely,  if  nl  all.  ('over- 
mg  u  broad  frequency  band  creates  problems  as  far  us  sensitivity  and  output 
|H)wer  are  concerned,  but  these  are  com|H*nsatcd  for,  to  a  dr>:ree.  f\v  the  onc- 
v/uy  path  lo.ss  as  against  the  two-way  loss  of  the  sonar, 

Ecomunic  considerations  generally  preclude  large  reserve  stcK'ks  of  counter¬ 
measures.  Some  are  required  to  meet  the  immediate  needs  when  a  war  com¬ 
mences  and  others  [or  routine  training  requirements.  With  limited  financial 
and  manpower  resources,  a  balance  must  be  struck  between  research  and 
development  effort,  fleet  training  exprciH'*H,  anr!  a  reserve  stockpile.  'I'hls  can 
be  done  by  nmlntaining  a  continuing  research  and  development  effort  to  keep 
ahrcitst  of  the  latest  trenils  in  measures  and  tactics  as  they  affect  future 
countermeasures  development.  Simultaneously,  the  latest  countermeasures 
proven  effective  In  fleet  evaluation  can  Ire  pr(»cured  for  reserve  nnti  the  latest 
developments  procured  for  fleet  evaluation.  When  evaluated  equipments  arc 
pinced  In  protluclitm,  the  reserve  stock  would  be  issued  for  fleet  training 
exercises.  Thus,  a  three  jrhase  cycle  would  be  in  operation  allowing  produc¬ 
tion,  evaluation,  and  development  to  proceed  side-by-sidc.  Fleet  usage  would 
prt)vide  feedback  data  tipon  which  improvements  could  be  based.  At  the 
same  llivie,  the  .sonar  and  weaptms  designers  would  be  InUtcr  able  to  come  up 
with  equipments  less  susceptible  to  countermeasures.  Sonar  utieruturs  would 
benefit  in  like  manner. 
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When  war  starU,  or  becomei  imminent,  we  would  be  endowed  with  a 
titockpllc  idcax  and  techniques,  manpower  and  physical  plant  capabilities, 
a  trained  fleet,  and  a  limited  stockpile  of  countermeasuref. 

23.10  Bibliography 

This  listing  is  based  on  the  basic  function  performed  by  an  equipment  or 
the  function  under  InvcstiKation.  A  few  reports  are  listed  in  more  than  one 
functional  urea  since  they  cover  the  arena  rather  completely  with  no  particular 
emphasis  on  one  over  the  other.  Similarly,  there  Is  a  fundamental  grouping 
of  reports  which  At  no  particular  functioiial  area  but  which  are  closely  re¬ 
lated  to  countermeasures  or  the  Arid  of  underwater  acoustics. 

To  include  nil  reiH)rtrd  work  performed  In  the  Acid  would  be  an  arduous 
task  hardly  worthy  of  the  effort  Much  work  not  listed  Is  referenced  in  the 
included  reports  since  these  arc,  in  general,  representative  of  the  signiAcant 
effort  since  World  War  II.  Inforiuation  on  work  carried  cut  during  World 
War  II  can  be  obtained  from  the  Summary  Technical  Reports  of  Division 
6,  National  Defense  Research  Committee,  OAke  of  SclentlAc  Research  and 
Development. 

29.10.1  FundftmrnUl 

"KumtamvntsU  of  Sonar,”  J.  W.  Horton,  NavShlpii  U.S,  Nsvsl  Init.,  AnnspoAii, 

Maryltncl,  1957  (CncUiklflrd) 

"A  Sumrr.ary  of  Under  water  Acoustic  T/sts,”  R.  J,  Urick  snd  A.  W.  Pryci 
Part  Introducflon— July  1953 
Part  11— Tsrset  Strength— December  1951 
Part  nt— KecoKnItion  Differential — December  1953 
Part  IV— Reverberation— February  nS4 
Departmt'id  oi  the  Navy— Offtcc  of  Nivul  Kciearch  (CONFIDKNTIAL) 

”Miah  Frequency  Acouitic  Reflccttimi  from  Submarine  and  Submarine  Wakea,”  U.S. 

NuvttI  Ordnance  t.al>oratory,  Report  3601,  Auguitt  !,  1953  (CONFIDKNTIAL) 
"Lting  Range  (.Utening  from  A  Subniorlne,”  Scrlppn  ln«titutton  of  Oceanography,  SIO 
Ketefcrue  53-3U,  August  1,  1953  (SKCHKT) 

"Manual  tor  K>*li mating  Ktho  Range,”  Department  «if  the  Navy,  HuShlpn,  NavShIpi 
900,!9(>,  M.irch  16,  1959  (CONFIDKNTIAL) 

"Submarine  Kviiiib)n  Device*  Manual,”  Commander*ln-Chief,  U.S.  Fleet,  Report  P'(X)I0, 
June  31,  l'.M5  (SKCRKT) 

"Anaiy*)*  of  the  Kffcctlvenev  of  the  Antl<Submurlne  Submarine,”  Chief  of  Naval  Opera* 
lion*  Operiition*  Kvalualltm  (Jrtjup,  Report  573,  January  iu,  1957  (SKC’RKT) 


29.10.2  Delertlon 

"Long  Range  PuKulve  Acountic  Delecllon  4»f  Torpedoe*  by  Merchant  Shiit*,”  An  An- 
nt)(»4tid  llibllogruphy,  U  S  Navy  Mine  Defennc  Laljoratory,  Technical  Paper,  TP90, 
August  195H  (SK(’RF.’i') 

"S4mar  Detection  of  T4»rpe4l4)e*,”  U  S  N.,vy  Undcjwaler  Sound  Laboratory,  Rep4)rt  391, 
Augum  39,  1955  (CONFIDKNTIAL) 
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"Project  PUFFS,  Final  Report,"  U.S.  Naval  Ordnance  Laboratory,  Report  4242,  October 
22,  195b  (SECRET) 

"Cfirrler  Borne  Sonar  /or  Torpedo  Evailon,"  Chief  of  Nava)  Operntiona-^Operatlcni 
Evaluation  Group,  Report  579.  April  24,  1957  (CONFIDENTIAL) 

"Narrow-Band  Analyiii  of  Low  Frequency  Si^naU  of  Submarlncn  and  Surface  Shipti," 
Peniiiylvania  State  Univeraity,  Ordnance  RcKarch  Laboratory,  Report  TN  24,530C-9, 
June  26,  1957  (SECRET) 

"An  Inveitigatlon  of  the  Fine  Structure  of  Torpedo  Sound*  lor  TrcM'^al  Application*," 
Final  Report  on  Contract  NOnr-1250(CX)),  Melpir,  Inc.,  Augui*  I,  1954  (SECRET) 

RSilO.S  Inlereoptlon 

"QXB  Sonaramic  Receiver  Inatructlon  Book,"  NavShip*  91076,  April  6,  194B 
"QXH-2  Sonaramic  Receiver  Initructlon  Hook,"  NavShIpa  92269,  Radio  Corp.  of  Amrr- 
Icn,  July  50,  1954  (CONFIDENTIAL) 

"QXH-3  Sonaramic  Receiver  Inatructian  Hook,"  NavShipa  92481,  Panoramic  Radio  Corp., 
April  11,  1959  (CONFIDENTIAL) 

The  Development  of  the  Underwater  Intercept  Receiving  Set,  Q-89,"  K.  L.  Hl^non,  U.S. 

Navy  Electronlci  Laboratory,  Report  535,  Septrmljer  29,  1954  (CONFIDENTIAL) 
"AN/WLR-2  Underwater  Intercept  Receiver,"  NavShip*  93009(A),  Initructlon  Honk 
Oeneral  Electric  Company,  (HMED),  Contract  NObir  72553,  Auguit  23,  1957 
(CONFIDENTIAL) 

"Evaluation  of  AN/WLR-2  Underwater  Intercept  Receiver  for  Service  Uie;  Information 
on"  Final  Report  on  Project  OP/S447/J1S,  Commander  Ot>eratlonal  Development 
Force,  November  17, 1958  (CONFIDENTIAL) 

"Underwater  Intercept  Receiver  Equipment  AN/WLR-2(XN-1),"  Final  Report  (Engi^ 
neering)  Oeneral  Electric  Company,  HMED,  December  )0,  1958  (CONFIDENTIAL) 

S3. 10,4  Maaklng  and/cr  Jammlnir 

"Sonar  Countermeaiurei  Equipment- Summary,"  V.  C.  McKciiney,  K.  K.  Ocren,  and 
W.  C.  Hubbard,  U.S.  Navy  Klrctronlci  Laboratory,  AlW,  September  7,  19J4 

(SFXRKT) 

"Pretiminury  HeiulD  of  Soncr  Countermeaiuree  Technical  Evatuaiion,"  P,  Huliveld,  Jr., 
U.S.  Navy  Electronic!  Laboratory,  Report  7.11.  Nnvembrr  9,  1956  (SECRET) 
"Technical  Evaluation  of  Sonar  Countermeaiurei,"  Technical  Film  Report  Sitlpi  tO-56, 
P.  Huliveld,  Jr.,  U.S.  Navy  Etoctronicii  Lnlittralory,  February  1957  (SECRET) 
"Evaluation  of  Performance  of  Sonar  Countirmearjrr:*  P.  Huliveld,  Jr.,  M.  D. 

Papineau,  C.  C.  Kouth  and  W,  A.  Sauer,  U  S.  Navy  Klrctronlci  Laboratory,  Report 
807,  January  30, 1958  (SECRET) 

"NA<.'  Hracon  Te*t*,"  1).  J,  Evan*  and  V.  G.  McKenney,  Unlverilty  of  Caitfornta,  Dlvl- 
lion  of  War  Keiearch,  Report  SM-215.  May  19.  1944  (CONFIDENTIAL) 

"NAC  Hcacon  Te#t*  In  Ulh  Naval  Dlitritt,"  V.  (*.  McKennty  and  W.  C.  Herkitt',  Uni* 
veriiiy  of  California,  Diviilon  of  War  Keiearch,  Report  SM-240,  June  .10,  1944 
(CONFIDENTIAL) 

"NAC  Heaeon,"  V.  0,  McKenney,  et  al.,  Unlverilty  of  California,  Dlvlilon  of  War  Re* 
learch,  Report  S  24.1,  Auguil  1.1,  1944  (CONFIDENTIAL) 

"Final  Report  on  Engineering  Evaluation  ot  the  NAC-1  Sound  Beacon,"  K.  K.  Geren  and 
W.  A,  Sauer,  U.S.  Navy  Elect ronlci  Laboratory,  Report  293,  Mny  1,  1952  (CON¬ 
FIDENTIAL) 
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*'NAC-S  Sound  Beacon  Initructlon  Book,"  NavShipn  V267J,  Hell  Air  Klcctronlci  Corp., 
May  n,  1*3^1;  (CONFIDENTIAL) 

"Krpid  Kr«pon»c  Echo  Masker, "  V.  Q.  McKenney  and  K.  E.  Oerrn,  U  S.  Navy  Klcc- 
tronica  L.iboralory,  Kcpoit  152,  Froruary  16,  1950  (SECRET) 

"Evolution  of  NAH/NAD-IO  Mobil®  Beacon,"  K.  S.  Ccrcn,  C.  C.  Routh,  U.S,  Navy 
Eleclronlci  Laboratoiy,  Report  <54,  Dreembrr  U,  19SJ  (CONFIDENTIAL) 

"Final  EnaIncerInR  Evaluation  of  NAH  (CanUtcr  lype^  Sonar  Beacon,"  W.  A.  Sauer, 
US.  Navy  Klcctronlci  Laboratory,  Report  45J  December  28,  1953  (CONFIDEN¬ 
TIAL) 

"Portable  Shlpborr.e  NAH  Sonar  Responder  (XO-1),"  K.  E.  Oeren  and  J.  W.  InReli, 
U.S.  Navy  Electronics  Laboratory,  Report  467,  February  15,  iQ54  (SECRET) 
"Canliter  NAH  Beacon,"  K.  E.  Oeren  and  J.  W.  Injlei,  U.S.  Navy  Klcctronlci  LaU>ri^- 
tory,  Report  538,  March  3,  1955  (CONFIDENTIAL) 

"AN/SLQ-3  Sonar  Beacon  Initructlon  Book,"  NavShIps  92720,  Ullraionlc  Corp.,  March 
S,  1956  (CONFIDENTIAL) 
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Circuits 

W.  A.  EDSON,  h  M.  PETTIT 


Section  I:  Fundamentuh 


24>1  Linr«r  Video  Amplifiers  I  Funclatnentals 

The  first  portion  of  this  chapter  is  concerned  with  linear  ampliftcution 
of  small-signal  voltages.  An  Ideal  amplifier,  when  supplied  with  an  input 
signal  e(t),  will  deliver  an  output  voltage  The  factor  A  Is  a  constant, 

and  represents  the  “gain^’.  The  waveform  of  the  oiitjiut  voltage  Is  Ideally 
identical  in  shape  to,  but  larger  in  amplitude  than  the  input  waveform. 

The  Acid  of  application  Is  widespread,  including  amplifiers  for  cathode-ray 
oscilloscopes,  television  and  radar  systems,  etc.  Such  amplifiers  are  com¬ 
monly  called  video  or  wideband  amplifiers,  and  are  discussed  in  most  of  the 
standard  textbooks  (for  example,  Reference  1),  although  from  the  steady- 
stuta,  sine- wave  point  of  view.  In  contrast,  we  shall  be  concerned  with  the 
time  response,  or  transient  response,  i.c.,  we  apiily  a  square  wave  to  the 
input  of  the  amplifier  and  examine  the  waveform  that  results  at  the  oui|)Ut. 
For  a  supplementary  reference  that  is  written  from  this  point  of  view,  and 
from  which  many  of  the  examples  in  the  following  t)ages  have  been  taken, 
sec  Reference  2.  It  Is,  of  course,  true  that  the  transient  and  steady-stage 
responses  are  interrelated,  but  the  relationship  Is  Indirect. 

We  shall  use  pentodes,*  and  In  the  linear  condition.  That  is  to  say,  we 
shall  have  to  restrict  the  tube  currents  and  voltages  to  a  small  region  of  the 
tube  characteristics  such  that  the  ih  vs.  curves  can  be  aHsiimed  parallel 

*TrnniiUlur»  sre  sImi  utiM  in  linear  itmpiihrrK,  of  coutM*,  The  urtuTut  philoMiphy  of 
circuit  (isAlfin  U  utmtlar,  ntthouith  the  fUtnlU  uri*  different  In  viirittUM  rvtipcctM,  For  ii  more 
complete  ircstmcnt  of  both  tube  And  trunitiKtur  circuits  m'  Kcfcrcnci*  2u. 
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strolght  line»,  and  equally  spaced  with  respect  to  increments  of  grid  voltage 
et>.  Then  the  tube  can  be  replaced  by  the  equivalent  circuit  shown  In  Figure 

24-1. 
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Of  course^  to  connect  one  atage  to  the  next,  there  will  be  required  some 
extra  elements  ns  In  Figure  24-2,  notably  a  couplln|r  capacitoi  CV  to  Isolate 
the  d-c  plate  voltage  of  the  Hrst  stage  fror'i  the  d-c  grid  voltage  of  the  next 
stage,  a  grid  resistor  R0  for  provldi'  ;:^  d-c  bias  connection,  a  cathode  bias 
combination  of  and  C/,  and  f«*iatly  the  stray  capacitance  of  the  tube  and 
wiring,  C'l  and  C^,  This  entire  circuit  is  a  bit  formidable  to  analyse  in  formal 
detail,  so  we  shall  take  steps  to  simplify  it,  much  ns  one  does  with  audio 
nmplifters  deriving  'high-frequency”  and  "low-frequency”  equivalent  circuits. 
We  shall  do  the  same  things  on  a  transient  basis. 

In  passing,  take  note  that  all  the  elements  in  Figure  24-2  with  the  excep¬ 
tion  of  Hi,  are  parasitic,  i.e.,  they  Impair  rather  than  aid  in  the  production  of 
constant  gain  or  voltage  nmplIAcation.  The  basic  gain,  if  the  effects  of  the 
parasitic  elements  were  ricgliglble,  can  lx*  seen  from  Figure  24-1  to  be: 


G:iin 


«  -  KmRl. 


A 

if  >  >  Rit  where  =  rn'T.ns  ‘is  defined  as.” 

To  keep  things  a  bit  simpler  at  the  outset,  let  us  omit  the  cathode  bias 
circuit  as  a  consideration  (we  shall  deal  with  It  later).  When  the  tut>e  is 
replaced  by  Its  e(|uivalcnl  circuit  as  in  Figure  24-1,  the  network  bcconu’s  that 
of  Figure  24-3. 
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FiauRK  24-5 

We  are  to  test  this  network  with  a  step  function  of  voltage  ax  the 
signal  at  the  grid  of  Vi  (Figure  24-2).  We  shall  And  that  the  circuit  of 
Figure  24-3  can  be  resolved  Into  two  separate  circuits,  one  that  completely 
describes  the  behavior  of  the  output  voltage  for  small  values  of  time,  i.e., 
(luring  the  abrupt  rise  of  the  step  voltage^  and  a  second  one  that  Is  sufAcient 
for  larger  values  of  time,  l.e.,  during  the  long  interval  when  the  input  step 
voltage  Is  constant  at  its  maximum  value.  The  adequacy  of  the  two  circuits 
is  better  for  "good’*  amptlAers,  I.e.,  amplIAers  that  come  as  close  as  possible 
to  reproducing  the  Input  step  at  the  output  terminals.  It  will  turn  out  that  a 
good  amplifier  has  Rp  and  fp  much  larger  than  Ru  and  CV  much  larger  than 
C I  and  C.  g. 

First  consider  the  abrupt  rise  of  the  Input  step  of  voltage  Ci  and  Cy 
were  absent,  there  would  be  nothing  to  impair  the  instantaneous  rise  in  the 
output  voltage  e,j.  The  capacitor  C,.  cannot  change  its  voltage  instantan¬ 
eously,  but  it  need  not  do  so;  if  Its  initial  voltage  is  aero  then  It  acts  like  n 
short  circuit  for  instantaneous  circuit  changes.  In  fact,  (V  is  usually  so  large 
that  tture  is  virtually  no  change  in  Its  voltage  during  the  small  but  finite 
time  lequircd  for  the  output  voltage  to  rise.  The  reason  ihiil  a  finite  rise 
liine  is  actually  required  Is  that  C\  and  Cy  must  be  charged  from  arro  to  the 
peak  value  of  the  step.  They  arc  small  compared  to  O,  so  wc  can  draw  an 
etpilvalcni  circuit  showing  them  but  omitting  C,  or  rather,  replacing  (V  by  a 
short  circuit  ns  in  Figure  24-4. 


« If, 
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When  the  input  voltage  k  a  step  function,  the  output  voltage  will 
"rise  *  exponentially  with  a  time  constant  KC\  as  depicted  in  Figure  24-5. 

Now  we  take  the  next  step.  After  the  output  v(»!!agc  has  risen  in  the  com- 
j>arallvely  .short  time  retpiired  for  it  to  reach  its  final  value  the 
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voltiige  on  capacitor  will  begin  slowly  to  change. 

Figure  24-3  that  the  output  voit- 
'  f  age  will  ultimately  decay  toward  aero.  Capacitor 

Cf,  will  then  be  charged  to  the  full  voltage 
and  capacitor  Cy  will  be  discharged  to  zero.  We 
say  this:  Because  capacitor  €„  is  so  much  larger 
than  Cu  (and  Ci  as  well),  the  current  required  to 
diiicharge  Cy  is  negilglbie  compered  to  that  re¬ 
quired  to  charge  C<.,  and  we  shall  not  bother  to 
show  Cl  01  Cy  in  the  equivalent  circuit  governing  the  charging  of  C|..  See 
Figure  24-6,  and  the  resulting  waveforms  In  Figure  24-7. 


T 
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'I’hc  best  response  to  the  step  is  provided  by  ihe  smallest  poislble  ri  HC 
uiul  the  largest  possible  rj  ;=  /f/V.  Since  the  total  tube  capacitance  C  is 
usually  predetermined,  one  can  only  decrease  H  In  order  to  m/tke  ri  smaller; 
this  means  decreasing  K/.,  since  Rf,  must  be  kept  large  to  preserve  a  high 
value  of  ry.  Hut  decreasing  Rt.  costs  In  gain,  since  the  gain  at  the  maximum 
of  tiu  output  waveform  is  g„tRt,, 

In  a  similar  manner  there  is  a  limit  to  the  amount  of  improvement  <  f  the 
long-time  behavior  that  can  be  achieved  by  increasing  r-j.  'I’he  grid  resistor 
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cannot  be  made  Ibtn  about  a  megohm,  from  considerations  of  ^rid 

current^  the  capacitor  Cr  cannot  be  made  arbitrarily  large,  because  its  physi¬ 
cal  size  will  add  to  the  shunting  capacitance  C,  and  thus  impair  the  short- 
lime  response. 

The  two  circuit!  of  Figures  24-4  and  24-6  correspond  to  the  high-frequency 
and  low-frequency  equivalent  circuits,  respectively,  that  one  derives  from 
steady-state  analysis  of  the  elementary  resistance  coupled  afopliner.  There  is 
a  simple  interrelationship  for  this  circuit  between  the  time  cunstuni  r,  that 
determines  the  short-time  behavior  and  the  frequency  /j  at  which  the  steady- 
state  response  has  fallen  to  70.7  percent  of  its  midband  value;  this  frequency 
is  that  for  which 


XeZZiR 

1 

2whC 

~  2n'  '  KC  "  2w  '  T,  6r7 

As  an  example,  if  ti  is  one  microsecond;  I.e.,  the  step  response  would  rise 
to  63.2  {wreent  of  its  final  value  in  one  microsecond,  the  corresponding  high- 
frequency  70.7  |>ercent  frequency  J\  would  be  Vu  o!  one  megacycle,  or  160  kc. 

Similarly,  the  low-frequency  70.7  percent  frequency  /y  l.s  related  to  the 
time  constant  tj  that  determines  the  long-time  behavior  in  the  transient 
response  as  follows; 

X.zzzR. 

—  2  _ 

2irl^Cr 

/  L.  --  i.. 

^  2wR„Ci.  2wf>j  ^  6Ta 

As  a  numerical  example  involving  rj  and  /j,  suppoae  that  the  step-re.Hpons|^ 
re(|uirement  Is  that  the  top  of  the  step  "sag”  by  only  one  iHTcent  in  100 
micrtiseionds.  'Phen  considering  the  initial  portion  of  the  ex[>onentlal  curve 
of  Figure  24-7  to  Ik*  a  straight  line, 

1 00  /isec 

rj 

10*  ;jsec  to  ^  sec 
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In  the  general  casc'  uf  amp) i Her  networks  that  are  more  complicated  than 
the  slmjdc  resistance-coupicd  ease,  and  indeed  In  the  ease  of  a  cascade  of 
several  resi  Uncc-couplcd  siagcs,  there  I*!  not  such  a  simple  relationship  be¬ 
tween  the  nslenl  ind  steady-state  responses  of  an  amplifier,  Nonetheless, 
it  is  true  in  a  rough  way  that  a  fast  rise  in  the  transient  restK)nse  calls  for  a 
high-frequency  limit  in  the  steady-state  characteristic,  and  that  small  sag 
implies  a  rather  low  70.7  percent  cutoff  frequency.  More  specific  comments 
will  be  made  later, 

in  general  the  response  of  an  ampliHcr  to  n 
step  of  voltage  at  the  input  is  not  the  simple 
combination  of  the  two  exponentials  in  I  Ig- 
urc  24-5  and  24-7,  but  may  be  more  like  that 
In  Figure  24-8, 

'I he  distortion  introduced  by  the  arnpll- 
.pfier;  l.c.,  its  failure  to  reprodiue  the  input 
waveform  Is  .seen  to  comprise  several  aspects. 
First,  of  course,  the  rise  of  voltage  at  /  0 

is  not  instantaneous,  but  rather  there  is  a  finite  rise  time;  more  will  be  .nafd 
about  this  below,  Secondly,  the  output  waveform  dues  not  rise  uniformly 
(monotcmically)  to  its  100  percent  level,  but  instead  there  Is  an  oscillation 
superimposed  which  produces  an  ovrrshoot,  expressible  in  percent.  Finally, 
the  output  waveform  fails  to  maintain  the  100  percent  level;  there  is  a  .sag, 
which  can  be  expressed  ns  a  slope;  l.c.,  percent  per  second,  volts  per  micro¬ 
second,  etc.,  or  as  the  percent  sag  in  a  given  time  Interval  of  particular 
Interc.st, 

'rhe  rise  time  tan  be  detlned  in  several  ways,  all  (>f  them  giving  about  the 
.same  numerical  results  but  each  being  more  convenient  than  the  others  for 
some  purpose.  It  Is  noce.ssary  first  to  dl.stlngul.sh  a  delay  lime,  which  can  be 
regarded  separately  from  rise  time.  In  general  delay  time  Is  not  considered 
a  distortion  since,  if  all  waveforms  are  pre.Hervcd  but  drlayeci  by  an  absolute 
lime  Interval,  most  electronic  .‘»yslems  will  function  properly.  1’tie  output 
waveform  of  Figure  24-8  Is  repro(iuced  in  Figure  24-9,  and  for  comparison 
there  Is  .shown  a  delayed  step  with  which  the  actual  out(;ut  can  l>e  compared. 
'I'he  delay  lime  is  arbitrarily  rlefmed  as  the  time  for  the  actual  output  to 
reach  50  percent  of  Itr  basic  level. 


2  1, 2  liiiMMir  Video  Ani|iiHier»ii  Speed  of  Step  Hesptinse  (Hlse  Tittle) 

rjiming  now  lo  the  detailed  analysis  td  that  porlhm  of  ilic  'implifier  cir¬ 
cuit  which  <!etermine.s  the  short-time  re.s|)onse  to  a  step  of  voltage  at  tlie 
input,  we  sliall  be  loncertuwl  with  several  asp»‘cls: 
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FluuMr.  24-9 

1 )  The  choice  of  tube 

2)  The  choice  of  circuit 

3 )  The  behavior  of  a  CHHcade  of  «taKC!» 

4)  Kclatlon!!  between  >»tep  and  sleady-ftlatc  responf^e 

5)  Aciditive  amplifiers 

a)  Distributed  umplincr 

b)  Hand  Mplitting  ainpliher 

Notice  u^ain  that  the  equivalent  circuit  which  Kt>vcrns  the  simplest  pos¬ 
sible  ampliher  sta^e,  the  reslstancc-coupied  network  o'  Fiaure  24- 2 ,  In 
merely  that  of  Fij(ure  24-4. 

If  cv,  is  a  step  of  voltage,  a]>plied  at  /  =  0  and  with  amplitude  e(|ual  to 
/io,  the  output  voltage  is; 


^1—1  ^  where  n  =  RC 


(24-1) 


The  magnitude  J  oi  the  amplification  or  gain  is  defined  for  the  maxinoun 
(final)  value  of  the  outjmt  voltage; 


(24-2) 

00 

'rhe  rise  time  for  the  circuit  according  to  the  10  to  00  percent  definition  for 
llie  exptmential  fimcllon  of  IC(|  (24*1)  Is: 

T,f  “  2.27,  =:  2.2  RC  (24-3) 

21.2.1  Choier  of  Tiihv 

If  one  sets  out  to  design  the  resistance-coupled  amplifier  stage  to  give  both 
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hiKh  gttiri  und  a  short  rise  time  he  is  confronted  with  a  contradiction.  From 
Eq  (24*2)  and  (24-J)  it  is  seen  that  for  a  gi/en  tube,  i.e.,  n  given  und  C, 
one  can  increase  R  to  raise  the  gain  but  In  doing  so  one  lengthens  the  rise 
lime.  This  proportionality  of  gain  and  rise  time  can  be  ex[>res.srd  as  a  quo¬ 
tient,  whose  magnitude  is  constant  and  det>ends  primarily  upon  the  tube; 


The  capacitance  C  (=  C|  d  Cj  In  Figure  24-2)  Includes  both  Input 
capacitance  Ct  and  output  capacitance  C„  of  the  tube  (as:vuming  both  tubes 
associated  with  the  interstage  network  are  of  the  same  ty|>e),  together  with 
the  stray  wiring  capacitance.  The  latter  can  usually  be  made  small  compared 
to  the  tube  capacitance,  and  In  any  case  it  is  apparent  that,  if  two  tubes 
have  equal  but  different  C,  the  one  with  the  smaller  C  will  be  better. 
Table  24-1  shows  listings  of  the  transconductanccs  (gm)i  the  input  capnei- 


Tube 

Cx 

6AK5 

4.0 

6  AG  5 

6.5 

ftAlU) 

1 0.0 

6AU6 

5.5 

TABLE  24-1 


c, 

c 

(MMf) 

2.H 

10.8 

i.8 

12.3 

2.0 

1 6.0 

5.0 

I4.S 

Xm 

Galn/Rlse 

Time 

^mho 

(per  /isec) 

5000 

210 

5000 

185 

VOOO 

256 

5200 

1 63 

iance  C  (which  includes  4  ^^f  for  stray  wiring  capacitance),  and  the  /I  T/, 
quotient,  which  becomes  a  sort  of  ft gure-of- merit  jar  the  tube  In  a  resistance- 
coupled  nmpliftcr  circuit.  A  graphical  tubulation  of  many  tubes  is  shown  In 
Figure  24-10. 

Although  Kq  (24-4)  and  Table  24-1  arc  derived  from  the  properties  of  the 
elementary  resistance-coupled  ampllfter  stage,  it  will  turn  out  that  with  mtjre 
complicated  networks  the  same  ftgurc  of  merit  will  apply,  Better  circuits  will 
give  more  gain  for  the  same  rUc  time,  but  1,2C  Is  stlit  a  common  multi¬ 
plier  for  all. 


2i.2.2  Choice  (if  CirniU 

it  might  well  be  expected  that  liy  going  to  a  more  .sophistic at ed  circuit 
than  llu*  elementary  resistance-coupled  interstage  network  one  could  achieve 
better  (UTformance  in  terms  of  nK^re  gain  for  a  given  ri^e  time,  l.e.,  a  higher 
g.'dn  rise-time  oucjIIciU.  1*he  C  ratio  of  the  lube  U  a  urdversal  factor  that 
appears  in  the  gain  ri.se^ime  (piottent  for  all  the  circuits,  so  we  should 
eliminate  this  as  a  factor  in  comparing  alternative  circuits  to  be  used  with 


t 
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thp  Man^e  tube.  Since  the  rcMlstiincc-coupkd  circuit  is  the  sinipicsl,  we  can 
use  it  as  u  reference  and  divide  the  iln/rlsc-lime  quotient  for  any  other 
circuit  by  gm/2.2C,  This  will  xlve  then  n  relative  speed  or  figure  of  merit  Jar 
the  circuit,  A  more  compltcated  figure  of  merit  which  puts  !n  a  factor  for  the 
overshoot  Introduced  by  many  circuits  is  given  by  Palmer  and  Mautner.  'I'o 
use  this  figure  it  is  necessary  to  know  the  arcepiable  limit  of  overshoot  for 
the  service  intended,  c.g.  {)erhaps  for  television,  as  suggested  by  the 
authors  (Reference  There  are  several  basic  network  structures  that  can 
l)c  used;  the  more  complicated  ones  give  greater  speed,  but  the  designer  muHi 
decide  where  to  <lraw  the  linC;  for  oeyond  some  point  the  added  complexity 
docs  not  give  enough  improvement  to  jvenlify  the  added  difficulty  of  design 
and  adjustment  (particularly  in  a  manutaclurlug  or  field  servicing  situation 
where  unskilled  workers  are  Involved.) 

ShuHt’Peakvd  Circuit 

'Fhe  first  step  In  circuit  refinement  beyond  the  elementary  resistance- 
cou[)led  circuit  leads  one  to  the  so-calicd  shunt-peaked  circuit^,  shown  In 

•The  nitrar  \%  iIitIvimI  from  fttiMdy.nlaU-  ration*,  where  tiu*  piirslk'l  reMJiisntf 

of  /.  and  (’  li-nd*  to  produce  a  peak  in  the  curve  of  AmplltiCiitlor,  vrraua  Irrijucncy,  Hy 
way  of  coni  rust,  tlic  Acr/ri-prAked  circuit,  which  cnjoycil  popvjliirliy  tor  a  time,  pinplc»ycn 
an  Inductance  in  mmIcn  with  the  couplinK  capacitor  C,,. 
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*  Figure  24-11.  This  circuit  provides  a  lubstantlal  Increase 
in  speed  relative  to  the  resistance-coupled  circuit,  and 
with  little  increase  in  complexity.  It  is  probably  the 
-  most  widely  used  of  the  circuits  discussed  here. 

It  is  necessary  to  specify  a  parameter  that  defines  the 
value  of  L  relative  to  Ri,  and  C.  Noti*  e  that  £  is  a  vari¬ 
able  to  be  adjusted  after  Rh  has  been  chosen  to  provide  the  desired  gain, 
since  the  Anal  value  of  gain  for  the  circuit  is  g^R^  as  before,  and  C  is  Axed 
by  the  tube.  Lei  this  factor  be  called  m,  after  Valley  and  Wallman  (Refer¬ 
ence  2,  page  7.)),^  deAned  by  the  relationship; 

m  ^L/Ri}C  (24-5) 

As  the  factor  w  is  increased  from  zero  (corresponding  lu  the  simple  resis¬ 
tance-coupled  case)  to  a  value  of  0.6  by  increasing  L  fur  a  given  combination 
of  Ri,  and  C,  the  step  response  curves  that  result  are  as  shown  in  Figure 


24-12  It  can  be  seen  that  us  m  Is  Increased  the  rise  time  decreases,  with 
overshoot  ap|>euring  for  values  of  m  greater  than  0.25.  A  physical  interpreta¬ 
tion  of  the  effect  of  aiiding  the  Inductance  is  that  in  order  to  charge  the 
capacitor  C  us  rapidly  us  possible,  the  maximum  current  should  Aow  from 
the  generator  into  C,  Without  the  initial  current  docs  How  entirely  in  C\ 
but  (i.s  the  voltage  builds  up,  more  of  the  generator  current  Is  by-passed  into 
the  resistor  Rr.  Adding  L  slows  up  the  Increasing  current  in  the  Hr  branch. 
Event  iially  the  current  bill  Id  up  in  Ri,  is  slowed  so  much  that  the  capacitor 
voltage  overshoids  its  Amtl  value  (note  that  if  £  were  inAnIte  the  Ri.  branch 
would  be  an  open  circuit,  ami  the  caiwicitor  voltage  could  Increase  Indefinitely 
at  a  rale  I/C  =  C). 

'rhe  Agure  of  merit  of  the  shunt-peaked  circuit,  l.e.  its  speed  (10  to  90 
percent  rise)  relative  to  the  resist nnce-coupletl  circuit  increases  with  ni  as 

♦Other  writer*  ui»e  the  wtme  or  jiimihir  fattiirn  Terinaa  .Ketercnee  1)  iiilU  It  C^j,  Jitnn’ 
ii  the  Q  of  the  rireutl  at  a  Irecjaency  ol  /.j  wiiere  .V,,  r=  /^/,  (we  have  catleii  thl*  /p 
M'c  Section  A|f.o  ni  (0-)'*^,  where  0-  I"  ti'*'  ilreui*  (J  at  llte  resonant  ire(|Ucniy 
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llli!strAt(?d  in  Figure  24-1^.  Also  shown  is  U)e 
curve  of  overshoot,  which  is  tero  up  to  m  =  0.25 
and  then  increases  with  m. 

From  the  figure  it  can  be  seen  that  the  most 
beneftclal  range  of  m  Is  from  0  to  0.25,  where  the 
relative  speed  increases  from  1.0  to  1.4  without 
any  overshoot  appearing.  Beyond  an  m  of  0.25 
the  overshoot  commences,  with  both  and  the 
overshoot  increasing  but  the  latter  more  rapidly. 

Discussions  based  upon  steady-state  analysis  sometimes  mention  a  value  of 
m  =  0.414  as  critical  peaking,  or  critical  compensation.  !t  turns  out  thnt  this 
value  of  m  is  the  crossover  point  between  a  frequency  response  curve  that 
falls  off  uniformly  at  the  high-frequency  end — as  doe.s  the  resistance- 
coupled  case — and  one  that  has  peak  or  hump.  But  from  the  standiK}int  of 
the  transient  response  to  a  step,  this  value  of  m  has  no  significance.  (Figure 
24-12).  Similarly,  m  =  0.522  can  be  shown  to  give — in  the  slcndy-statc 
response — an  optimum  linearity  of  phn.se  shift  versus  frequency,  but  again  nut 
unique  in  the  transient  response. 

It  is  of  interest  to  point  out  at  this  Juncture  that  certain  proposals  have 
appeared  in  the  literature  for  two-  and  three-stage  amplifiers  based  on  stag¬ 
gered  (nonldentical)  values  of  Q  (ui  the  stages  (Reference  4),  or  on  feedback 
fur  two  stages  5).  The.se  arrangements  will  lu  general  introduce 

substantial  overshoot. 


Two-Terminal  Lhear^Phase  Nttwork 

A  network  credited  to  S.  Doha  rt  the  Bell  Telephone  Laboratories  Is  the 
two* terminal  linear-phase  network  of  Figure  24-14,  so  called  because  of  its 
linear  relationship  between  steady-state  phase  shift  and  frequency.  With  the 
element  values  as  given,  the  network  has  a  step  rcs{>unse  that  is  1.77  times 
faster  than  the  resistance-coupled  countcr|}art,  i.e.,  the  rise  time  U 
2.2Ri,C/\,n .  There  Is  a  small  overshoot  of  approximately  I  percent.  Notice 
that  there  may  be  coil  capacitance  In  the  shuni-|>cakcd  circuit,  giving 
the  equivnient  of  Figure  24-14.  Adjusting  C«  =  0,22C  gives  an  optimum 
|H*rforniance. 
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Other  Two^Tcrminal  Networks 

Further  complexity  of  structure  can  be  added  to  the  two-lermlnal  form  of 
network  by  considering  the  reactance  X  In  Figure  24-15  to  be  an  arbitrarily 
exicnsivc  arrangement  of  L  and  C  ns  lii  Figure  24*16.  This  situation  has  been 
explored  by  Elmore  (Reference  6),  with  results  as  follows:  (a)  the  Improve¬ 
ment  In  speed  of  rise  as  each  new  element  {L  or  C)  is  added  diminishes 
rapidly  after  the  flrst  one  or  two;  (b)  an  ultimate  improvement  factor  of 
2.12  for  an  Inhnite  number  of  elements  is  suggested  by  the  analysis^  though 
not  proved  conclusively. 

Four  •Terminal  Networks 

A  whole  family  of  four-terminal  networks  can  be  devised  which  give  sub¬ 
stantia!  improvement  over  the  two-terminal  variety.  Added  complexity  re¬ 
sults,  however,  and  the  response  of  the  networks  to  a  step  is  sensitive  to  the 
ratio  of  Ci/Cy. 

The  typical  examples  are  illustrated  in  Figures  24-17  and  24-18.  The 
former  is  called  the  *‘four-tcrmlnal  linear-phase  network”,  and  provides  a 
relative  speed  of  2.48  over  the  resistance-coupled  counterpart.  A  ^  ratio  of 
C|/6'y  is  assumed  in  the  design. 


I  r  ^  *  -*111  4771  ;  Nt  t  H*  07Mt.  / 


Kioesr.  24*17  Kiousr.  24-18  Fkuisk  24  !9 

The  circuit  of  Figure  24-18  is  commonly  called  the  “series-skunl-peaked 
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In  Figure  24-19  Is  r  third  circuit,  this  one  a  1/1  ratio  of  cnpacltance. 
Failure  to  retillse  this  ratio  results  In  response  waveforms  as  shown  In  Figure 
24-20. 

The  relative  si>ced  of  the  four-terminal  networks  is  substantially  greater 
than  that  o*^  ihe  two-termlna!  forms.  The  circuit  of  Figure  24-17  provides  a 
speed  of  Increase  of  n  =  2,48,  while  those  of  Figures  24-18  and  24-19  give 
values  of  2.C6  and  2.10,  respectively.  The  maximum  speed  of  a  four-terminal 
network  has  not  been  conclusively  established,  (Reference  2,  pp.  81,  82,  and 
Reference  7)  but  is  probably  In  the  neighborhood  of  four,  As  in  the  case  of 
two-termlna!  circuits,  the  actual  networks  in  practical  use  fall  short  of  the 
mnxintum,  but  provide  much  Improvement  over  the  resistance-coupled  form. 
More  complicated  structures  than  those  shown  here  can  be  devised,  but  the 
added  s|>eed  comc::  slowly  with  the  extra  elements  required.  A  class  of  Intcr- 
sl  ^3  networks  based  upon  filter  theory  was  presented  in  a  classic  paper  by 
A  iieeier,  in  Reference  8. 

.1  mplijier  Siaf^vs  in  Cascade 

In  general,  a  single  stage  of  ampliAcHtiun  is  not  adequate  to  meet  the 
gain  requirements  of  a  system,  and  hence  several  stages  will  be  connected  in 
cascade  The  question  a  rise, s  as  to  the  over -all  response  of  the  system  when 
the  respon.ses  of  the  individual  stages  are  known.  Of  course,  the  entire  system 
could  be  analyzed  as  a  formal  circuit  problem,  but  there  are  .some  general 
rules  of  great  value. 

'rhe  nature  of  the  transient  response  of  several  stages  (identical)  in  cas¬ 
cade  Is  illustrated  in  Figures  24-21  and  24-22.  The  first  is  from  Valley  and 
Waliman,  and  the  other  from  Bedford  and  Frcdcnda!!  (Reference  9). 


I'he  two  figures  show  the  general  propcitle.s  of  increasing  <!elay  time  and 
rise  time  us  the  number  of  stages  is  Increased.  Moreover,  if  there  is  over¬ 
shoot  in  a  single  stage,  the  amount  of  this  increases  as  .stages  are  acbled  On 
(he  other  hand,  if  there  is  no  overshoot  In  a  single  stage,  the  adding  of  .stages 
will  not  Introduce  overshoot  (Figure  24-21). 

'Fhe  (plant itative  details  are  of  Interest,  Various  atteirpts  have  been 
made  t*»  analyze  the  problem,  some  based  upon  an  emj>lrlcal  study  of  cas- 
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cades  of  particular  circuits.'*^  The  analysis  is  quite  laborious,  even  if  the 
network  functions  and  their  inverse  transforms  are  simple;  this  is  because  of 
the  arbitrary  definition  of  the  rise  time  in  terms  of  the  1C  and  90  |>ercent 
levels.  For  instance,  the  time  function  for  a  cascade  of  resistance-coupled 
stages,  whone  response  in  time  Is  #<iven  In  Figure  24-21,  Is  simply; 


M  I 
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A 

(Note;  01  =  i) 

Equation  (24-6)  describes  the  family  of  curves  in  Figure  24-21,  where  /  in 
the  equation  is  the  normalized  variable  in  the  figure.  Unfortunately 

there  Is  no  correspondingly  simple  expression  to  describe  the  rise  lime  Tff 
us  u  function  of  ihc  number  of  stages;  one  must  compute  the  function  e„(0 
for  each  value  of  «,  determining  the  time  between  the  10  and  90  percent 
levels.  Valley  and  Wallman  give  the  results  for  values  of  «  up  to  10.  These 
are  given  here  In  Table  24-11. 


Number  Stage.s,  w 

1 

2 

4  ] 

6 

'^7 

8 

0 

10 

Rise  'rinu*  Tft  divider! 
by  2.2  RC 

1.0 

i.S 

!.9 

2.2 

2.5 

2.8 

2.9 

5.1 

5.5 

5.5 

The  results  nf  rmpirlcul  studies  such  as  thc.se  can  be  summarised  Into 
.several  working  rules,  as  formulated  by  Valley  and  Wultman; 

1.  In  circuits  having  little  or  no  ovcrshcMU,  the  ovcr-ull  rise  time  Is 
given  by  (Reference  6): 


tt  „ 


(24-’) 


1/;.  When  the  stages  are  identical,  each  having  a  rise  lime  7'//,,  the  over¬ 
all  rise  time  is: 


\'«  (24-7U) 

2.  In  circuits  having  little  or  no  overshoot,  the  total  oversh^Mit  for  « 
stages  is  e.ssetUially  that  of  a  single  slagi*. 

♦Krfvrt'na’  pp.  f»5*06,  77- 7 S  tttul  Krurnurn  U,  10,  and  II. 
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3.  If  the  overshoot  of  a  sinKlc  sta^e  Is  in  the  order  of  5  or  10  percent, 
then  the  total  overshoot  ><ocs  as  the  scjuare  root  of  the  number  of  stages. 

3fl,  When  the  stage  overshoot  is  5  or  10  percent,  the  total  rise  time  is 
somewhat  less  than  that  given  by  Rule  1. 

4.  An  Interesting  result  (References  6,  12,  and  13)  can  be  obtained  by 
combining  rule  la  with  the  following  expression  for  the  over-nil  gain  At  in 
terms  of  the  stoge  gain  At, 


An  -  (A^y  (24-8) 

For  a  specified  value  of  gain  An  there  is  a  mlnimun)  value  of  rise  time 
which  obtains,  regardless  of  tube  type,  when; 

w  =  2  in  (24-9) 

/I,  =  v/r=  \/r72  =  l.f)5  (24-10) 

For  a  particular  tube,  the  value  of  this  minimum  7  Is: 

min  7  /^  rr  (24-11) 

"  VU.2.2C 

The  relallonshI|>s  given  alawe  have  some  practicrJ  limitations,  and  retjuire 
some  Judicious  interpretation  and  app)i<*ation.  First  note  that  h  has  the  same 
value,  regardless  of  tube  type  «‘i  circuit  type;  f(»r  Instance,  if  A„  is  10' 
(lOOdb),  Kf|  (24-0)  sn;  .  h,ii  23  stages  are  called  for,  whether  one  uses 
6AU6  or  6AH6  tubes.  Hut  it  does  ttoi  say  that  the  same  iriinimum  rise  time 
results  in  either  case;  from  1'able  I  and  Kq  (24*ll)  It  wii!  be  found  that  the 
6AU6  would  give  256  163  or  1.57  limes  as  great  a  rise  lime  as  the  6A1I6. 

Also,  the  minimum  of  the  rise-time  function  Is  a  broad  one,  and  one  can 
violate  the  ndnimum  condition  by  (juile  a  Uiatgin  without  serious  detriment 
to  the  over-all  rise  time,  Klmoie  provides  an  example  of  a  6A(*7  amplifier 
=  0.009,  (’  =  22  ?/  =:  1.5),  In  which  the  23  stages  required  for  the 

100  (11)  gain  give  a  rise  time  of  0.032  /i.sec.;  yet  with  only  nine  stages  to  give 
the  .same  gain  the  ri.se  time  is  only  0.044  /tsec.  Thus,  the  rise  lime  Is  impaired 
only  37.5  percent  for  a  48  percent  reiluction  !n  the  number  of  stages.  More¬ 
over,  the  larger  load  resistor  in  the  latter  case  (400  ohms  instead  of  180 
ohms)  permits  a  larger  output  voltage  to  be  realized  from  the  amplifier  (222 
percent  gre.ater),  'I'hls  brings  us  to  a  new  topic. 

Output 

Must  amplifiers  have,  in  addition  t(i  the  re(|uirement  for  a  certain  amount 
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of  gain  between  input  and  output  terminal*!,  a  requirement  on  the  amount 
of  voltRKC  (or  power)  that  may  be  needed  at  the  output.  The  maximum 
output  voltage  Im  limited  by  the  amount  of  plate  current  that  can  flow 
lhroup;h  the  load  re.HiMtor  of  the  last  xtage.  The  highest  value  that  can  be 
achieved- •without  regard  to  the  requirements  of  linearity — Is  that  of  a  step 
function  that  carries  the  plate  current  from  zero  to  the  maximum  rated 
value  for  the  tube.  'I'hls  rated  value  differs  from  tube  to  tube,  and  one  would 
tend  to  choose  a  tube  with  a  high  current  rating.  Hut,  since  the  rise  time  of 
the  output  stage  enters  into  the  total  rise  time  of  the  ampliher,  one  must 
consider  this  factor  as  well.  Several  tubes  can  therefore  be  compared  on  the 
basis  of  a  new  Agurc  of  merit  suitable  for  output  stages  as  proposed  by 
Valley  and  Wallman  (Reference  2,  pages  103,  104),  this  is  the  ratio  of 
maximum  voltage  output  to  rise  time,  and  depends  upon  the  output  capaci¬ 
tance  of  the  lube  and  the  capacitance  of  the  load  C/,.  As  an  example, 
several  tubes  are  compared  in  Table  24-111  for  a  20  fi/if  load,  such  as  might 
be  encountered  with  the  detlection  plates  of  u  cathode-ruy  tube. 


'tiiai  — 

(24-12) 

'«  =  2.2  R,.  (C'„  +  C,.) 

(24-IJ) 

. ./2.2(r„  )  c,.) 

(24-14) 

While  the  data  of  Table  24>1I1  give  a  relative  rating  to  the  tubes  listed,  the 
actual  number  of  volts  |wr  ndcrosecimd  that  Is  obtainable  may  vary  with  the 
practical  circum.stanccs.  The  value.s  listed  assume  either  that  the  tube  carries 
rated  current  with  no  signal,  and  that  a  negative-going  step  cuts  off  the 
current  entirely,  nr  the  opposite  of  this,  I.e.,  the  current  is  cut  off  In  the 
(pilescent  state  but  turned  futl-on  by  a  pn.sitive-gulng  step  at  the  grid.  If  the 
am|>liricr  must  accomodate  steps  of  cither  polarity,  the  quIc.Hccnt  operating 
point  would  have  to  be  chosen  as  approximately  /2. 


TAHLK  24-111 


Ttihf 

^  niM ' 

A* . n/TR 

(ma) 

V//4SCC 

0AU6 

10 

5 

1H2 

6AKS 

10 

3 

200 

OCI.O 

30 

5.5 

248 

oAy  > 

45 

H.2 

725 

6\'6(;t 

45 

7.5 

750 

6l.6(» 

75 

10 

1130 
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A  ipecial  case  exists  in  which  ihe  signals  are  known  to  be  always  pulses  of 
a  duration  that  Is  short  compared  to  the  Interval  between  pulses,  i.e.  pulses 
of  low  '  duty  cycle".  In  such  a  case  It  may  be  possible  to  exceed  on  the 
positive  peaks  if  the  tube  rating  is  based  upon  heating,  I.e.  plate  dissipation. 
Sometimes  the  rating  is  based  on  emission  limitations  or  grid  current.  Each 
tube  needs  to  be  treated  as  a  separate  problem. 

Occasionally  an  output  stage  must  operate  into  a  low^resistance  load,  such 
as  a  coaxial  cable  used  to  transmit  the  signal  to  a  distant  location.  Such  a 
cable  Is  usually  terminateti  in  Its  characteristic  resistance  R(u  and  so  the 
impedance  seen  from  the  ampilAcr  is  simply  a  resistance  of  this  vitiue.  From 
consideration  of  the  long-tintc  (or  low-frequency)  response — to  be  taken  up 
!n  Section  24.3 — an  unreasonably  large  coupllns  capacitor  would  be  required 
with  a  low  value  of  Ku  (notice  that  Ru  corresponds  to  Rg  in  the  analysis  a.s- 
soclaled  with  Figure  24-2.  Hence,  the  output  stage  Is  usually  operated  either 
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a.s  in  Figure  24-23  or  24-24.  The  cathode-follower 
arrangement  of  Figure  24-23  has  the  advantage 
that  the  coaxial  line  U  at  a  low  d-c  (X)tentia]. 
Otherwise  the  two  circuits  arc  comt)arable  so  far 
ns  transient  rc.nponsc  is  concerned.  I'he  equivalent 
circuit  of  the  cathode  follower  is  shown  In  Figure 
24-25,  For  an  interesting  commentary,  see  Reference  14. 

If  the  output  .4tuge  must  drive  a  capacitive  load,  such  as  an  o.Hcil]oscope, 
for  Instance,  the  cathode  follower  will  provide  a  smaller  rise  time  (at  the 
expense  of  sniaP  gain,  however,  but  we  are  not  considering  gain  for  the 
(uitput  stage.  \Vi  ould  if  we  have  alternative  ways  of  providing  the  needed 
output  voltage.)  In  contrast  with  Fq  (24-13),  the  rise  tinic  for  the  cathode 
fidlower  is; 

Tu-2JRf('!  (I  I  K^.Rr) 

=  2.2  ('i./{Cn.  I  (I  1  ^)  rp)  (24-15) 

It  should  be  pointc<i  out  that  with  a  large  capacitive  load,  it  is  .sometimes 
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feasible  to  use  several  output  tubes  In  parallel  with  Improved  i>erformnnce. 
The  current  is  doubled  by  adding  the  second  tube,  but  the  total  capacitance 
increased  t)y  a  smaller  percentage. 

Also  it  may  be  tnat  for  given  iipecificnu  a  of  output  voltage  and  rise  time 
there  will  be  several  tube  possibilities  that  would  be  satisfactory.  In  such  a 
case  It  would  be  reasonable  to  introduce  other  factors  into  the  comparison 
such  us  gain  and  input  capacitance,  the  latter  influencing  the  rise  time  and 
gain  of  the  precceding  stage. 

Transknt  venu:  Steady-State  Response 

Here  we  have  a  topic  of  long  standing  theoretical  interest,  and  one  of  con¬ 
siderable  {Hacticu!  importance.  The  state  of  our  knowledge  Is  substantial,  but 
unfortunately  not  reducible  to  a  few  simple  axioms.  Although  a  full-scale 
recounting  of  the  published  papers  Is  not  practicable  here,  the  results  can  be 
summarized  and  a  few  c(Hiimon  mi.sconceptions  pointed  out. 

a.  Rise  Time  versus  Bandwidth,  For  many  years  the  term  wideband  has 
been  used  to  describe  the  type  of  umpllfler  one  builds  In  order  to  obtain  a 
fast  re.spon.Hc  to  a  step  transient,  especially  in  the  television  art.  As  wn.s 
pointed  out  (Section  24.1)  fur  the  simple  resistance-coupled  circuit  there  Is 
a  ciirrespondence  between  the  rise  time  and  the  high-frrquency  limit  of  the 
amplifier  at  which  the  steady-state  amplitude  re.sponse  Is  down  to  70.7 
percent  of  the  “mid band’’  rospon.Hc.  'Fhe  vari< ui.s  empirical  studies  have 
shown  a  general  relationship  to  exist  as  follows; 

I\iB  0.33  to  0.45  (24-16) 

where  Tu  =  rise  time,  1 0*-90  percent 

H  —  bandwidth,  from  0  to  upper  3  db  frequency 

In  K(|  (24-16)  the  value  of  0.35  matches  best  those  circuit. s  wluve  the 
over.HhtKit  is  small  or  zvi”,  while  0.45  corresj)ond.s  to  oversh(M)ts  of,  .say,  5 
percent  or  greater, 

'riteoreticai  an.alysis  of  two  idealized  situations  yields  values  of  TftB  that 
compare  favorably  with  Kq  (24*16).  The  first  of  these  Is  the  so-called  ideal 
filter,  having  a  charae  I  eristic  as  .shown  in  Figure  24-26.  Associated  with  the 
amplitude  eliaracteristic  as  shown  Is  a  linear  phase;  i.e.,  constant  time  delay 
for  all  fre<|ueiu’les  transmitted.  Such  a  re.sponse  is  not  pliyslcally  reallzabU'i 
this  i.s  proved  by  Valley  and  Wall  man  (Kefercnce  2,  pp.  12\-12S),  but  Is 
also  apparent  from  the  fact  that  when  a  step  fumtion  is  applied  at  i  0 
the  computed  respi>nse  shows  finite  out |)ut  prior  to  this  time.  I’hc  nature  of 
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the  step  response  is  b  sinc-InlcKrul  function,  yielding  nlways  9  5>erccni  over¬ 
shoot  and 


ThH  =  0.51  (24  !7) 

Another  uinplitude  respon.se  of  throreticul  Interest  Is  the  so-cnlled  gaussian 
function  shown  in  Figure  24-27.  Once  again  wc  iss(Kiatc  a  linear  phase 
characteristic  with  this  ani{>litu(le  response,  and  once  again  ihc  combination 
is  not  physically  rrallwiblc  (although  the  ur?iplUude  characteristic  Is  achieved 
in  the  limit  by  an  inftnitc  number  of  reslstuncc-coupled  stages).  The  respon.se 
of  a  system  of  this  kind  to  a  step  function  Ls  also  a  gaussian  function,  pos¬ 
sessing  zero  overshoot,  and: 


ThU  =  0.41  (24-18) 

1'he  conclusions  to  be  drawn  from  these  results  arc  that  for  a  given  kind 
of  clrcuil,  and  for  the  .name  amount  of  ovcrsh(K)t.  a  faster  ri.se  Is  obtained 
with  a  greater  bandwidth.  Hcjwever,  merely  Increasing  the  bandwidth  with¬ 
out  regard  to  oversh(M)i  does  not  necessarily  lead  to  “better”  re.sponse.  I'hiis, 
taking  a  given  ami)!ifier,  whose  amplitude*  rrsponso  may  be  a  gradually  de¬ 
creasing  function  of  frequency  and  attempting  lo  speed  It  up  by  adding 
com|>en.satlnK  elements  In  order  to  make  Its  response  approach  that  of  Figure 
24-26  will  Indeed  speed  up  the  amplibe’*  because  of  the  higher  value  of  the 
product,  but  the  resulting  overshoot  may  render  the  amplifier  worthle.ss 
for  the  intended  application. 

b,  Trortsicpft  Distort  ion  vtrsus  Strady-statr  Distortioft.  An  Ideal  amplifier 
from  the  transient  view  would  have  zero  rise  time  and  no  overshoot.  An  Ideal 
amplifier  from  the  steady-state  view  would  have  an  amplitude  re.sponse  that 
would  be  conntant  to  Infinite  fretpiency  and  jihase  shift  proportional  to 
fre(iuency.  I 'allure  to  achieve  these  ideals  Is  icrmctl  distortion.  'I'he  tninslent 
distortion  l>  de.scrilird  In  terms  such  as  rise  time  and  overshoot,  whereas  the 
steady-slage  distortion  can  be  described  as  amplitude  distortion*  and  phase 

*Sometinu'ii  called  fmiucncy  iiy  uuihortt  wtui  u^v  utnpllludu  dlOoiitnn  fur 

nonlinetir  cffvtdi. 
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distortion.  A  distortion  in  cither  the  amplitude  or  phase  characteristics  will 
lend  to  trani^icnt  distortion.  This  fact  Is  not  obvious  aid  several  analyses 
will  be  found  in  the  literature  that  examiiie  the  relative  importance  of  the 
types  of  distortion;  we  shall  shortly  consider  two  of  these  analyses. 

Actually,  of  cour.se,  in  most  simple  ampli^er  Interstage  networks  of  the 
type  already  presented  in  tki.s  section  the  amplitude  and  phase  responses  are 
interrelated  in  a  manner  characteristic  oi  the  broad  class  of  networks  Identi¬ 
fied  by  the  term  tftiniwutn  pfiasr\  it  will  not  be  possible  h^rc  to  go  Into  the 
details  of  the  definition  of  this  terminology,  nor  Into  the  details  of  the  ampll- 
tude-phasr  relationship,  but  suffice  It  to  say  that  feedback  circuits,  lattice 
and  bridged-T  structures,  anti  distributed-parameter  systenw  are  the  ones 
usually  falling  outside  the  minimum-phase  class.  A  ba.sic  reference  on  the 
subject  is  I^ode;  see  Reference  15,  The  relationship  between  amplitude  and 
phase  stems  from  a  basic  properly  involving  the  real  and  Imaginary  parts  of 
a  class  of  complex  variables;  sec  Reference  16.  A  brief  discussion  is  also  to 
be  found  In  Terman;  see  Reference  17.  Thus,  It  is  somewhat  futile  to  attempt 
to  place  the  blame  fur  transient  (iistortion  upon  cither  the  amplitude  or  phase 
distortion  alone.  Nonetheless,  it  Is  instructive  at  least  to  assess  that  distor¬ 
tion  due  to  amplitude  response,  for  It  Is  possible— and  indeed  common  prac¬ 
tice  on  complicated  transmission  systems — to  exploit  a  <lcvicc  known  as  a 
phase  e(|uallxer.  liy  use  of  this  device,  which  is  an  all-pass  network  of  the 
nonminimum  phase  class,  it  is  fcr.sible  to  make  the  phase  rcs|H>nse  more 
nearly  linear,  without  influencing  the  amplitude  response.  The  use  of  such 
eqiudi/ers  is  far  beyond  the  scope  of  this  treatment,  although  they  are  of 
great  Itnportance  In  long-distance  television  trutismlssion  systems.  In  fact,  it 
might  be  said  that  their  utility  lies  (n  .systems  that  are  limited  to  narrow 
fre({uency  channels  rather  than  In  wideband  systems  where  the  gain-ri.se-tlme 
quotient  of  the  amplifier  tubes  is  the  limiting  factor.  For  references  of  In¬ 
terest  on  phase  equalizers,  .sec  IH,  19,  and  20.  See  also  Hell  Sy.stem  publica¬ 
tions. 

Sprcitil  Anipiifitrs  for  Ilifih  Spvrd 

Although  the  delaIN  will  lie  reserved  for  Sectior»  24.4,  It  Is  appropriate  to 
ttientiun  here  that  when  fast  amplifiers  arc  reepdred  (amplifiers  with  small 
rise  lime  7//),  faster  than  can  be  provided  by  the  networks  ol  Figures  24-4 
thrmigh  24-19,  there  is  the  po.ssibillty  of  an  altogether  different  kind  of 
amplifier  lonfignratlot).  'Ihe  circuits  in  the  .section  above  hiive  Ijeen  of  the 
produii  variety,  nr  nisnuh',  the  fiirmer  term  describing  the  fact  that  the  over¬ 
all  gain  function  (nf  fre(|uency)  Is  the  product  of  the  Individual  stage  gain 
functions,  while  cascade  implies  that  or.e  .stage  is  cfiimected  iifter  another. 
'Ibere  is  another  class  of  amtili Tiers,  which  cjin  be  called  adfUdvv,  because  <‘f 
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the  additive  nature  of  their  gain  functionsi  and  which  permit  cf  far  greater 
speeds  with  conventional  tubes  than  the  cascade  ampliner  provides.  This 
class  includes  the  distributed  amplifier  and  the  split-band  amplifier.  Research 
is  still  being  conducted  In  both  these  categories,  but  the  present-day  status 
wilt  be  discussed  in  Section  24-4. 

24.3  Linear  Video  Ampliflerat  Step  Function  Respoime  (Sag,  etc.) 
for  Large  Values  of  Time 

The  failure  of  practical  amplifier  circuits  to  transmit  a  step  function 
perfectly  for  large  values  of  time  is  in  one  sense  a  failure  of  the  circuits  to 
transmit  direct  current^  or  what  is  almost  the  same  things  very  low  frequen¬ 
cies.  The  long-time  response  to  a  step  Is  generally  better  if  the  so-called  low- 
frequency  response  of  the  amplifier  is  good,  and  Indeed,  most  discussions  of 
the  subject  in  textbooks  are  phrased  in  terms  of  the  low-frequency,  steady- 
state  behavior.  The  step  response  is  often  the  desired  criterion,  however,  and 
can  be  dealt  with  directly.  For  an  example,  in  a  television  system,  a  picture 
in  which  there  is  a  background  (such  as  sky)  with  uniform  intensity 
across  the  scene  would  require  that  the  video  amplifiers  maintain  constant 
(or  almost)  voltage  for  the  duration  of  each  horizontal  scan  |>erlod;  thus, 
for  an  interval  of  about  60  ^sec  the  step  re.sponse  mast  be  constant  to  within 
some  specified  sag.  The  corresponding  low-frequency  bclmvior  Is  purely  in¬ 
cidental,  and  specification  of  the  amplitude  and  phase  response  at  low 
frequencies  is  at  best  indirect  and  not  necessarily  unique  for  a  given  sag. 

It  was  shown  in  Section  24.1  that  there  are  only  certain  |>ortion.s  of  the 
complete  circuit  of  Figure  24-2  that  inHuence  the  long-time  behavior;  thus, 
the  simplified  circuit  of  Figure  24-6  adequately  describes  the  response  shown 
in  Figure  24-7.  This  circuit  contained  only  the  coupling  elements  C,.  and  Hy, 
whereas  In  a  practical  pentode  ampIlAer  circuit  it  in  necessary  to  consider  also 
the  cathode  bias  circuit  (/?a  and  C\  In  Figure  24-2)  and  the  imi>erffctly 
bypassed  screen-grid  voltage  supply.  These  will  be  taken  up  individually; 
the  analysis  follows  closely  that  of  Wallman  f  Reference  2,  pages  S4-92). 

24.3.1  C^Mipling  F.imtU 

This  circuit  has  already  been  analysed  fur  a  single  amplifier  stage  in  Sec¬ 
tion  24.1,  with  trsults  as  shown  in  Figure  24-7.  U  hen  a  step  function  voltage 
is  applied  to  the  grit!  of  one  stage,  the  waveform  delivered  to  the  ,  hi  of  the 
stage  following  is  an  exponential  which  decays  to  zero  with  time  constant  rj 
equal  to  HyC,^  This  time  constant  Is  usually  made  very  large  compared 


r,  ♦  Hi 


fsucllv, 


*  H, 


C 


24-22 


ELECTRONIC  COUNTERMEASURES 


the  time  interval  within  which  the  circuit  must  maintain  a  constant  output 
voUakc  with  n  specified  maximum  sag.  Thus,  the  circuit  operation  is  con¬ 
fined  in  time  to  the  Initial  portion  of  the  exponential  curve,  which  is  closely 
a  straight  line  having  a  slope,  in  percentage  of  the  initial  value,  of  lOO/ry. 

When  several  stages  are  connected  in  cascade,  the  time  response  is  not  a 
simple  exponential,  but  will  contain  terms  in  f*,  f”,  etc.,  if  the  stages  are  iden¬ 
tical  or  will  be  sums  of  exponentials  if  the  stages  are  all  different. 

When  the  Input  signal  is  a  one-volt  step  function,  then  in  terms  of  a 
normalised  time  variable  i  =  (actual  llme)//?(fCr,  the  results  of  Table  24-l(V 
are  obtained. 


TABLE  24-IV 


H 

1 

2 


3 


4 


«•„,(/)  Output  Voltage 


Initli.)  slope,  /  =  0 


—1 

—2 

—3 


I1ie  situation  regarding  Initial  slope  is  of  particular  intereat  since  this 
determines  the  sag.  It  can  be  seen  from  Table  24-IV  that  the  slope 
(or  sags)  are  additive.  That  is,  the  sag  will  increase  directly  with  the  num¬ 
ber  of  stages.  This  is  also  true  for  the  case  of  nonldcntical  stages. 


24*«1.2  Hcreen-Ctrld  Circuit 

The  voltage  supply  for  the  screen  grid  In  the  usual  |>entode  amplifter  is 
ubtainivl  via  a  series  resistor  from  the  main  plate-voltage  supply,  or  occasion¬ 
ally  from  II  voltage  divider.  In  cither  case,  the  screen  source  has  an  Internal 
resistance,  and  in  order  to  limit  the  voltage  variation  at  the  screen  there  is 
customarily  Included  a  byjiass  capacitor  from  screen  to  calho<ie.  Since  the 
cnp.*cli()r  cannot  be  Infinitely  large,  there  Is  a  voltage  variation  at  the  screen. 
This  affects  the  .space  current  in  the  tube,  und  hence  the  plate  voltage  Is  also 
alfccted. 


yUHNK  J4.2S 
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Thf  nmt  step  In  the  analysis  of  this  situation  is  computation  of  the  screen 
current  (ictuaily  the  Incremental  change  In  screen  current,  neglecting  the 
steady  d-c  component).  The  equivalent  circuit  Is  as  In  Figure  24-28  and  the 
waveform  of  in  Figure  24-29.  Because  of  the  proportionality  between  plate 
and  screen  current  Figure  24-20  also  depicts  the  waveform  of  plate  current 
and  load  voltage.  At  the  initial  instant  ^  0)  all  the  generator  current 
i0.j  (0)  hows  Into  the  capacitor;  hence; 

i0,{O)  (24-19) 

Finally,  as  the  generator  current  will  divide  between  and 

such  that; 


r  — 'jlL— 

+  H. 


'rime  constant  r  for  the  exponential  charging  of  C,: 


Then  the  current  slot>e  at  the  Initial  Instant  is: 


~im^  ^9 


(24-20) 


(24-21) 


(24-22) 


The  real  intcre.st  is  in  current  and  voltage  in  the  plate  circuit,  where  (he 
output  of  the  amplifier  .stage  Is  obtained.  The  following  rclation.ship  can  be 
employed : 


if  _  gm 

K  Km  g 

SI 


(24-23) 


'I  hrn  the  plate  current  slope  becomes: 

dip  _ Kmf'p 

dt  ,  ""  r,  C,  (24-24) 

y 


s(n<‘<»  ih«  output  voltage  in  the  plate  circuit  is  ipRi, 
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Output  voltage  I'.ope  =  /  — (24-25) 

\  ) 

L«t  {(imRi.)  {tg)  =  lOO^c.Thcn, 

Percent  ilopr  ==  —  tOO/r^y  C,  ()i?4-26) 

Cathode  lUas  Circuit 

The  third  and  last  contrlbutinK  cause  of  s«k,  or  distortion  In  the  long-time 
transient  response,  U  the  cnihode  bias  circuit  so  frequently  used  in  practical 
amplihers  to  bias  the  grid  sufficiently  negative  to  prohibit  the  How  of  grid 
current  (Figure  24-2). 

Qualitatively,  what  happens  when  a  step  function  is  applied  to  the  grid  is 
that  the  cathode  bypass  capacitor  acts  as  a  perfect  short  circuit  at  Arst,  and 
the  tulM  amplihes  with  full  gain.  The  capacitor  slowly 
charges,  however,  and  Anally  In  the  steady-state  the 
bias  resistor  Is  essentially  unbypassed.  The  effect  of  the 
cathode  resistor  Is  then  degenerative,  and  the  gain 
FinusK  24-30  1^  reduced.  The  waveform  Is  as  in  Figure  24-30. 

At  the  Initial  instant  the  bypass  capacitor  Is  completely  effective,  and 

eAO)  =  (24-27) 

The  Anal  value  Is: 

r„(oo)  =  +g«/e*)  (24-28) 

The  time  constant  for  the  exponential  decay  is: 

r  =  RkC,/(  \  +y„  R,)  (24-29) 

From  this  the  initial  slope  can  be  del?rmlned  as: 

Slope  =  ~  (24.., 0) 

LettinK  -gm  Ri.e,  =  lOO'/o, 

Slope  -  i 00  (24-31) 

Notice  thiit  the  slope  does  noi  depend  upon  the  size  of  the  bias  resistor  /f*; 
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thi^  Is  similar  to  the  screen  circuit,  where  the  slope  was  Independent  of  the 
dropping  resistor  2?^. 

24iSA  Summary 

The  three  sources  of  sag;  l.e.,  deficiency  In  the  long-time  tranilent  response, 
give  initial  slopes  as  follows  (for  a  single  stage) : 


U  Coupling  Circuit 
(coupling  capacitor  CV 
grid  resistor  H,) 

2,  Scree,  Grid  Circuit 

(dynan.  icen  resistance 
and  bypa  "'O'"  if*>r  C.) 

.V  Cathode  Bias  CiHUit 

(grid-plate  trarsconductance  gm 
and  bypass  capacitor  Ck) 

These  relationships  are  valid  only  for  small  values  of  t/r\  l.e.,  for  small 
enough  time  that  the  exponentia!  rest>onse  can  be  represented  by  a  straight 
line. 

The  relationships  were  derived  singly  In  order  to  ascertain  which  circuit 
elements  governed  the  slope,  and  to  obtain  a  quantitative  measure  of  their 
contribution,  In  a  practical  amplifier  the  three  effects  will  (Kcur  in  combina¬ 
tion  in  each  stage,  and  In  a  cascade  of  stages  the  total  effect  wD!  Increase 
with  the  number  of  stages.  In  principle,  to  find  the  manner  In  which  the.se 
effects  should  be  combined  one  should  examine  a  large  numl>er  of  caser  or 
else  provide  some  general  formulation  as  Klmorc  has  dons  fur  rise  time  in 
the  short-time  response.  Lacking  this,  however,  one  can  extrapolate  from  the 
results  (shown  in  Table  24-IV)  for  a  cascade  of  stages  having  only  coupling- 
circuit  deficiency.  Here  It  was  found  that  the  initial  slopes  of  e{t)  are  di¬ 
rectly  additive  as  the  number  of  stages  is  increased.  Thus  it  seems  not 
unreasonable  to  add  directly  the  initial  f lopes  of  the  time  rcs;>onse. 

Tot.ll  SlojH-  (or  (  V  (24-32) 

I  L)  (orwRs) 

I'roin  thf  evaluation  o(  the  separate  causes  of  slojrc  in  the  long-time 
resironso,  it  becomes  evident  which  of  them  Is  the  most  severe.  In  particular 
it  liecome.s  apparent  that  the  cathode-bias  circuit  Is  a  wor.se  offender  than  Ic 
the  .screen  circuit;  both  depend  only  upon  the  tul)e  characteri.stics  and  the 


('/p/scc> 
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size  of  bypass  capacitor,  so  a  direct  comparison  can  be  made.  As  an  example 
consider  a  6AU6  tube,  where  typical  values  of  /tm  and  y  are  500  micromhos 
and  23  K  respectively: 


Screen  slope  = 


XCoboc. 


0.004  %/fUiec  fif 


Cathode  slope  — 

(  k 


|00  X  5  X  10^ 

C, 


=  O.S^f'/Mwe  /if 


Thus,  for  the  same  slo)>e  in  either  case  it  would  require  a  cathode  bypass 
capacitor  100  times  as  large  as  the  screen  bypass  capacitor.  If  the  slope  re¬ 
quirements  are  particularly  stringent,  it  is  sometimes  expeditious  to  leave 
the  cathode  resistor  unbypassed  altogether.  This  reduces  the  gain,  but  re¬ 
moves  the  cathode  slope  entirely. 

24.3.S  Cathode  Peaklni^ 

In  the  special  case  where  strict  requirements  on  slope  make  it  desirable  to 
leave  the  cathode  bias  resistor  unbypassed,  it  becomes  necessary  to  re-evalu- 
nte  the  short-time  transient  response.  In  so  doing  !t  has  been  found  beneficial 
to  add  a  small  capacitor  across  the  bias  resistor,  instead  of  having  none  At 
all.  This  ca|)ucitance  is  so  small,  however,  that  its  effect  is  negligible  on  the 
Itmg-time  response.  In  the  short-time  response,  though,  the  rise  time  can  be 
Improved,  with  beneficial  effects  similar  (u  those  of  shunt  peaking,  and  hence 
the  name  cutkode  pcakinji>  is  usually  ascribed  to  this  technique.  The  analysis 
proceeds  from  the  circuit  of  Figure  24-31.  The  equivalent  circuit  is  shown 
in  Figure  24-32. 


Kuiuhi;  24-.)2 


It  will  be  convenient  to  define  /i  =  Rt.C  and  A'  =  I  +  We 

are  interested  In  trying  different  values  of  (\  for  the  circuit;  the  other  ele¬ 
ments  are  already  determined.  Thu.s,  we  can  let  ft  take  values  ranging  from 
zero  (cathode  resistor  unbypassed)  to  infinity  (resistor  perfectly  byimssH). 
Three  special  values  of  />  are  of  Interest: 
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,,  =  0  (C*  =  0) 

tn(t)  _  1  (.  -vn,c\ 

(24-33) 

p  =  X  (C*  =  x) 

--^r  =  0 

(24-34) 

p  ~  1  {RkCk  ~  Ri.C) 

-gmR,.  ”  a:  '  ' 

(24-35) 

The  time  response  for  various  values  of  and  for  a  particular  value  of  K 
(approximately  2)  Js  shown  in  Figure  24-i3.  Notice  that  p  =  1  gives  a  fastei 
rise  than  does  0,  and  is  the  largest  value  of  p  that  gives  a  monotonic 
rise  (no  overshoot);  hence,  this  is  the  value  usually  chosen  In  tlu^  cathode- 
peaking  technique.  Notice  also  that  100  is  a  value  In  the  \i:;ual  range  of 
cathode  bypassing;  thert*  is  a  fast  risc-'-esstnlially  rK./  ui  the  Ideal  case 
,  oc) — followed  by  a  long-time  sag  as  previously  analysed  for  the  cath- 
bias  circuit. 

It  would  appear  from  a  comparison  of  Kq  (24-34)  and  (24-35)  that 
cathode  peaking  with  p  =:  1  gives  a  faster  umpliner  than  does  the  perfectly 
bypassed  case.  Both  responses  are  simple  exponentials  with  a  10  to  90  per¬ 
cent  rise  time  already  given  In  Eq  (24-3) : 

For  p  00  For  p  1 

Ttf  2.2R,i:  Tu  =:  2,2RiC/K 

'rhus,  so  long  as  K  is  greater  than  one,  the  rise  time  Is  Indeed  reduced  by  the 
factor  K.  Uniorlunately,  It  Is  not  usually  sufficient  to  consider  rise  time 
alone.  The  peaking  circuits  in  Section  24.2,2  were  compared  on  their  ability 
to  improve  the  gain,  rise-time  ratio.  On  this  basis  the  cathode-peaking  cir¬ 
cuit  offers  nothing,  because  the  gain  is  redm  etl  by  the  same  factor  that  the 
rise  time  Is  reduced,  namely  /f;  hence,  the  ratif)  is  the  same  tus  without  |)caking. 
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This  |>crhHps  conveys  a  needlessly  unfavorable  impression  about  cathode 
peaking.  The  reduction  In  gain  can  be  re.stored  by  increasing  Rt,  by  a  factor 
K,  Then  the  gain  i.s  the  same,  the  rise  time  is  the  same,  but  a  much  smaller 
bypass  capacitor  can  be  used,  and  there  Is  no  sag. 


24.3.6  8lope  CompenaatJon 

This  Is  sometimes  celled  low-frequency  compensation,  and  rightly  so, 
inasmuch  as  the  slope  or  sag  in  the  long-time  response  to  a  step  is  governed 
by  those  circuit  elements  which  govern  the  low-frequency  steady-state 
response.  However,  a  steady-state  analysis  is  perhaps  at  its  worst  when  it 
comes  to  the  question  of  how  much  compensation  should  be  used  for  a  good 
step  response. 

In  transient  terms  wc  have  already  evaluated  the  long-time  step  response 
of  the  conventional  circuit,  and  have  found  that  sag  results  from  several 
causes;  coupling  circuit,  screen  circuit,  and  cathode-bias  circuit.  Each  of 
these  is  the  source  of  a  negative  initial  slope,  and  their  effects  tend  to  add 
directly.  What  wc  need  Is  a  circuit  that  will  provide  a  positive  initial  slope, 
and  one  which  will  add  to  the  negative  slopes  In  the  right  amount  to  make 
the  sum  equal  tc  aero. 

It  turns  out  that  the  so-called  decoupling 
circuit  which  is  e  normal  part  of  a  multktage 
ampliher— Introduced  to  diminish  coupling 
from  one  stage  to  the  others  via  the  common 
Htib  supply — Is  a  suitable  com{)easatlng  circuit 
If  pro|>orlloncd  properly.  It  is  a  long-time- 
consiant  circuit,  the  clement  values  can  be 
varied  considerably  without  hampering  its  de¬ 
coupling  effectiveness,  and  it  does  provide  a 
positive  Initial  slope.  The  actual  circuit  is 


(•i) 


I'Kirnr  M-.^5 
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shown  in  Figure  24-34,  tnd  its  equiveient  for  analysis  purposes  in  Figure 
24-35a,  with  the  corresponding  waveform  of  e$  for  a  step  input  shown  in 
Figure  24-3  5b. 

In  Figure  24-35  initial  current  gmC,  flows  only  through  C4  (not  Ri)» 
Voltage  rise  across  C4  is  im^0/C4  and  adds  directly  to  which  is  initial 

value  of  Thus, 


C,  =  gmt,RL  -H  ime,t/Ci 

(24-36) 

Slope  =  4.  tm‘,/Cc 

(24-37) 

I/Ct  g„r,Ri,  =  100%.  Then 

(24-38) 

Slope  =  100%/RiCi 

The  slope  is  evidently  positive,  and  hence,  by  selecting  a  suitable  value  of 
Cr  for  the  particular  Rt,  being  used  it  Is  possible  to  provide  cancellation  of 
the  negative  slope  due  to  one  or  more  cf  the  c'fuses  discussed  above.  For 
instance,  to  cancel  the  slot>e  due  to  the  coupling  circuit,  choose  so  that: 

Ri^Ci  —  RfCc 

(24*^39) 

Hy  way  of  caution  it  should  be  pointed  out  that  although  Rd  docs  not 
api^enr  In  the  initial  slope,  It  is  necessary  that  RdCd  be  large  compared  to  the 
t)eriod  of  the  step,  both  in  order  that  the  decoupling  function  be  supplied  and 
that  the  exi)unential  (unction  of  Figure  24-35b  be  adequately  approximated 
by  the  Initial  straight-Hne  tangent. 

24.4  Additive  Ampliflcation 

Conventional  amplifier  systems,  as  discussed  in  the  three  secti<ms  prcced 
Ing  this  one,  could  be  called  product  amplincatlon.  This  is  to  say,  when 
several  stages  arc  connected  in  cascade,  the  over-all  steady-state  gain  func¬ 
tion  (of  frequency)  Is  the  cortinued  product  of  the  individual  stage  gain 
functions.  In  contrast,  the  amplifler  structures  to  be  described  In  this  section 
have  a  gain  function  that  is  the  sum  of  the  “gain,*"  provided  liy  the  separate 
elements. 

Trod  net,  or  cascade,  amplirtcation  is  older  and  more  widely  use<l.  If  the 
re(|ulremenl::  on  rise  time  (or  bandwidth,  In  the  steady-state)  are  n(Jt 
severe,  a  given  amount  of  gain  can  be  provided  with  fewer  tubes  In  the  cas¬ 
cade  connection,  Hut  when  the  retpiiremenls  are  severe,  it  may  be  Imiiossible 
to  meet  them  with  the  product  system,  and  yet  the  same  tubes  may  Ire  used 
in  an  additive  structure  to  meet  the  re<juirements.  The  criterion  that  deter- 
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mines  whether  the  rascadc  structure  will  work  is  the  familiar  quotient  of 
fxain  over  rise  time,  a  futor  that  depends  primarily  on  the  tube  (Table  1), 
but  which  may  be  improved  by  more  complicated  circuits  (e.g.,  Figure  M- 
21). 

The  difAculty  becomi  apparent  when  one  is  faced  with  providing  a  ceitaoi 
over-all  gain  for  m  stages  (m  unknown)  and  a  certain  over-nil  rise  time  T/t^ . 
There  are  various  tube  types  available,  each  wdih  a  particular  Km/C^  and  one 
has  at  his  disposal  certain  networks,  each  having  an  efficiency  factor  tf  ex¬ 
pressing  the  relative  speed  with  res|)ect  to  the  elementary  resl*»ance-couplcd 
circuit.  These  are  the  building  blocks  Unfortunately,  there  Is  a  limit  to  what 
can  be  done.  As  given  In  Eq  (24-11),  the  analysis  by  Elmore  has  shown  that 
there  is  a  minimum  rise  time  that  can  be  achieved  with  a  given  over-all  gain. 
If  the  requirements  call  for  a  smaller  rise  time  than  Eq  (24-11)  |>ermits,  the 
Job  cannot  be  done  with  cascade  amplification,  except  for  the  advent  of 
better  tubes  or  networks  (the  latter  cannot  be  expected  to  provide  an 
efficiency  much  better  than  four,  and  become  inconveniently  complicated  at 
values  of  two). 

Qualitatively,  what  happens  is  this.  Suppose  that  n  given  rise  time  Is 
stipulated,  together  with  an  over-all  gain.  One  stage  can  be  designed  to 
provide  this  rise  time,  but  it  is  found  that  the  gain  is  insufficient.  So.  one 
goes  to  two  stages,  but  in  order  to  keep  the  over-all  rise  time  the  same,  It  is 
necessary  to  reduce  the  rise  time  of  each  stage.  This  Is  done  by  reducing  the 
si/e  of  the  load  resistor,  and  hence  reduces  also  the  stage  gain.  If  the  over-all 
gain  is  htil!  insufAclent,  the  process  is  repeated.  As  the  process  is  repealed, 
the  stage  gain  becomes  less  and  less,  and  would  ultimately  become  less  than 
unity,  'rhis  would  be  an  absurd  stale  of  affairs,  because  the  over-all  gain 
would  then  be  less  than  the  gain  of  one  stage.  I'hc  practical  limit  is  actually 
reached  when  the  stage  gain  has  shrunk  to  1.65,  In  accordance  with  Elmore's 
analysis. 

Additive  amplification  is  the  way  out.  In  fad,  It  even  works  when  each 
tube  contributes  a  gairi  of  less  than  unity! 

There  arc  two  [irlncipal  lype.s  of  additive  structures.  One  of  thc.se  Is  called 
the  (iistributed  amplifier;  It  was  first  employed  In  a  British  television  In¬ 
stallation  in  1^37,  and  has  been  in  extensive  commercial  use  In  the  U.S. 
since  1948.  The  other  is  the  split-band  amplifier,  and  is  still  under  develop¬ 
ment. 

Dixirilfuted  A  mplifieatioft 

1’his  form  of  amplifier  structure  v\as  first  propo.sed  hy  Percival  In  I93.S  in 
a  British  patent  (Reference  21),  although  the  system  did  not  go  Into  active 
use  until  after  the  first  pul)lished  analysis  (Reference  22)  In  1948. 
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The  basic  idea  of  the  distributed  amplifter  is  surprisingly  simple,  although 
there  arc,  of  course,  many  practical  matters  that  contribute  to  the  difference 
between  actual  performance  and  the  Arst-order  theory.  The  elementary  form 
of  the  structure  Is  given  in  Figure  24-36.  The  networks  L\C\  compose  the 
so-called  grid  line,  a  cascade  of  Alter  sections  in  which  the  capacitors  C\  are 
the  input  capacitance  of  the  tubes.  Similarly,  the  networks  are  the  plate 
line,^  Cu  being  the  output  capacitance  of  the  tubes.  The  two  lines  are  designed 
to  have  the  same  phase  velocity,  and  are  terminated  in  their  characteristic 
resistances  Ro\  and  respectively,  so  that  no  reflrctions  taka  place.  The 
lines  are  further  a.ssiimed  to  be  dissipationless,  so  that  a  wave  can  travel 
along  either  of  them  without  attenuation. 

Within  the  limits  of  these  idealized  conditions,  the  following  relationships 
hold: 


Characteristic  impedance  ^  (24-40) 

Phase  velocity  (sci'tions/.sec)  Vp  =  \/y/l\C\  =■:  \/\/L>jC’j  (24-41) 

Plate  current  of  each  tube  =  Hm\Ri\  (24-42) 

llcciiusc  of  the  equal  velocities  in  grid  and  plate  lines  the  plate  current  con¬ 
tributions  of  successive  tubes  wilt  add  directly,  i.e.,  they  are  all  In  phase  at 
the  load. 


Loud  Current  =:  n  (24-43) 

The  fac  tor  2  In  Kq  (24-43)  comes  in  because  half  the  current  contributed  by 
each  tube  flows  to  the  left  in  the  plate  line,  and  is  lo.st  In  the  terminating 
rc'sistof  /fuj.  In  sjilte  of  the  current  thus  lost,  th»t  resl.slor  Koj  is  asually  iicce.s- 
sary  to  (ire vent  reAectlons  due  (o  the  wave  travelling  to  the  left,  which  at 
certu'n  frequencies  could  cancel  the  wave  travelling  the  right  at  the  load. 

Output  voltage,  n  (24-44) 

A 

Amplification,  A  —  K,  R\  =  rtf(»Mu'j/2  (244.S) 

Kcjua^lon  (24-45)  displays  the  basic  properly  of  the  distributed  amplifier, 

♦The  convenllirnttl  hlter  (orrnultt!*  urc  o|H>n  to  (|iif»!l(in  where  tlir  plwir  line  in  rnn- 
cerniMi,  uliur  the  htrueture  lit  arivea  Ity  u  nuinher  nf  l  urrent  iienenitnrii  iilonu  the  strut  lure 
Innieiui  of  by  ti  slnule  itenernlnr  itt  mu*  emi.  Thist  jilluuliun  U  nnHiy/ed  in  Heferenten  M 
and 
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niimely  that  the  amplification  Increases  linearly  with  the  number  of  stages, 
i.e.  each  tube  contributes  a  gain  of  and  the  total  gain  U  the  sum  of 

the  individual  contributions.  Indeed,  each  tube  may  contribute  a  gain  of  less 
than  unity,  and  yet  the  total  gain  can  be  made  as  large  as  desired  by  adding 
a  sufficient  number  of  tubes.  This  situation  is  not  possible  with  cascade 
amplincatiun. 

It  is  feasible— and  frequently  advantageous — to  cascade  stages  of  the  type 
of  Figure  24-36.  This  Is  done  by  connecting  the  grid  line  of  the  second  stage 


as  the  load  on  the  first  stage  (with  a  blocking  capacitor  for  d-c  Isolation,  of 
course).  Should  Ko\  ami  not  be  the  same,  u  transformer  is  In  principle 
required  to  Join  the  two  stages  in  order  to  prevent  reflection.  A  transformer 
with  Huffkient  bandwidth  (up  to  200  me  In  typical  distributed  ampliHers)  Is 
not  available,  and  so  it  is  more  usual  to  make  Rot  and  the  same  by  add¬ 
ing  to  the  smaller  of  C’l  or  C'a  In  order  to  equalise  them.  The  effect  is  iho 
.same,  though;  the  gain  is  reduced,  With  the  transforrr»‘r,  (24-45)  becomes: 

A  =  ngm\/  R  oi^oy/2  (24-46) 

If,  instead  of  a  transformer,  capacitance  is  added  to  the  smaller  C: 

A  =  wji^w  (Rni/2)  if  Rui  <  (24-46n) 

Tho  que.stlon  to  be  asked  about  cascading  Is,  when  docs  one  stop  adding 
tubes  along  the  line  !n  one  stage,  and  add  further  tubes  in  a  second  stage? 
'I'hls  readily  l.s  answered  for  the  Idealized  conditions  we  have  thus  far  con¬ 
sidered,  i.e.,  that  fhe  grid  and  plate  networks  behave  perfectly  us  lines.  Sup¬ 
pose  that  a  total  gain  .b  Is  recpiired,  how  few  lubeS;  arc  necessary  in  m 
.stages,  with  n  tubes  per  .stage?  'I'he  contribution  of  each  lube  to  the  stage 
gain  A  in  K(|  (24-46)  Is  /b,  where 


therefore, 
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and 


At  -  (nAtr 


also 


N  =z  nm 


(24-47) 

(24-48) 


From  the  equations  (24-47)  and  (24-48)  it  is  possible  by  differentintion  of 
N  with  respect  to  m  to  And  a  minimum  value  of  N  for  ii  ^Iven  At,  This 
minimum  occurs  when 


A  ::z  nAt  =  < 

=  2.72  M  8.7  db 


(24-49) 


This  relationship  is  given  by  GIniton,  f/  u/,,  and  by  Copson  in  Reference 
25.  The  relation  assumes  that  there  is  no  bandwidth  shrinkage  as  stages  are 
cascaded,  which  is  correct  for  narrow,  low  pass  cascades.  In  very  wide-band 
amplIAers  the  frequency  response  diminishes  with  attenuation  due  to  loading 
of  the  grid  line  by  the  Input  conductance  of  the  tubes.  Allowing  for  bandwidth 
shrinkage  according  to  an  arbitrary  function 

H„/Ht  =  l/\/»» 

gives  an  optimum  stage  gain  of instead  of  t  as  in  Kq  (24-49). 

i'hu.s,  the  most  cfAcIcnt  use  of  tubes  results  from  cascading  stage.H  of  no 
more  nor  les.s  than  H.7  db  per  stage.  Of  course,  we  have  learned  that  cas¬ 
cading  stages  impairs  rise  time  and  reduce.s  bandwidth,  and  this  consideration 
has  been  neglected  here. 

'rhe  analysis  can  proceed  no  farther  without  a  study  of  the  grid  and  plate 
networks.  The  basic  prcml.se  in  the  elementary  theory  of  the  distributed 
ampilAcr  is  that  the.se  networks  simulate  .smooth  lines,  terminated  in  the 
ap|>r(»pr{nte  Ko  .so  that  no  retlectlons  occur.  Apart  from  the  termination  prob¬ 
lem,  the  lm|><)rtanl  requirement  is  that  the  velocity  be  constant  with  fre¬ 
quency.  'Fhis  is  the  same  as  saying  that  the  phase  shift  must  be  proportional 
to  frc(|uency.  Failure  to  realise  this  result.*!  in  phase  distortion^  which,  us  was 
(on^idered  In  Section  24.2,  shows  u])  also  in  di.stortion  of  transient  signals. 
Naturally,  It  l.s  true  that  the  ampUtudv  distortion  (as  a  function  of  frequency) 
(tiso  enters  Into  the  transient  distortion.  It  appears,  however,  that  the  elemen¬ 
tary  ladder  netw(»rks  such  as  !n  Figure  24-.U)  have  a  di.sproportionate 
amount  of  pha.se  distortion,  and  hence  an  all-out  effort  to  improve  this  re¬ 
sults  in  a  l)etter  i)alance  between  amplitude  and  phase  distortion,  and  a 
better  transient  response. 
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The  problem  of  designing  the  best  possible  network  for  use  in  the  dis¬ 
tributed  amplifier  has  its  counterpart  in  the  design  of  the  best  possible  delay 
line  from  lumped,  dissipationlcss  elements.  These  delay  lines  are  tiscd  In 
oscilloscopes,  radar,  etc.,  and  provide  small  time  delays  with  as  little  distor¬ 
tion  as  possible,  i.e.,  distortion  of  rectangular  pulses  or  other  transient  wave¬ 
forms.  Interestingly  enough,  the  network  most  widely  used  in  delay  lines  Is 
the  same  as  that  in  the  typical  distributed  amplifier.  References  on  the  delay 
line  include  26,  27,  28  and  29.  Actually,  the  distributed  ampllher  presents  a 
somewhat  more  difficult  network  problem,  because  the  input  conductance  of 
the  tubes  connected  to  the  grid  line  introduces  dl<'sipative  elements  in  shunt 
with  the  capacitances;  this  will  be  discussed  later. 

Consider  now  the  basic  circuit  of  Figure  24-36.  The  grid  and  plate  net¬ 
works  have  the  appearance  of  transmission  lines  in  which  the  Infinitesimal 
elements  of  «frles  inductance  and  shunt  capacitance  in  the  continuous  line 
have  become  finite.  It  is,  indeed,  an  artificial  line,  and  the  properties  of  such 
lines  (in  the  steady-state)  have  been  known  since  the  early  days  of  the 
telephone.  Moreover,  the  whole  art  of  the  wave-filter  was  first  devised  by 
0.  A.  Campbell  from  the  concept  of  the  artificial  line,  and  we  can  profitably 
use  the  results  of  much  wave-filter  analysis  In  the  problem  here. 

The  artificial  line  falls  us  because  it  has  one  characteristic  not  (>cs.scsse(l 
by  the  smooth  line,  namely  a  cuto3  frequency  /*,,  where 

/«  =  l/wy/IC  (24.:<0) 

'rhe  signitkance  of  the  cutoff  frequency  for  the  network  structure  In  Figure 
24-36  (which  Is  shown  again  in  both  Its  T  and  pi  cquivaicntJt,  in  Figure  24-37 

Kuii'KK  24-37  Kiousit  24*33 

and  24-38,  res|icctivcly)  is  that  a  chain  or  ladder  of  sections  of  this  ty|>e  will 
transmit  frequencies  below,  but  not  above,  this  frequency.  Moreover,  there 
is  an  abrupt  disconilnuiiy  in  the  phase  velocity  and  the  characteristic  im¬ 
pedance*  at  the  cutoff  frequency,  and  indeed  iheso  parameters  begin  to  vary 
•iignificunlly  with  fre(juency  long  before  the  cutoff  Is  approached.  Equations 

!Uii*r  unidyHtH  thin  1»  cnllt'd  the  Imane  tmprdancft  v/hich  in  the  lAur  of  thi'  input. 
im)>e<i(iiuT  to  tin  inlUtiio  Uddrr  of  nt'ctlunii  Ik  uIko  the  chaructrrlKtic  Iniprduncr,  The 
hitter  iK  dthned  in  term^  of  retlerlionx.  whrreaK  the  former  U  dehned  &%  the  input  tm- 
t)edanci'  to  u  MHilon  wtien  terminated  ut  the  uuituy  l)y  rh  impedance  e()UHl  to  the  im¬ 
pedance  lookinu  buck  into  the  output  iermlnnU,  I  e,  the  “imRKe'\  uilns  the  mirror  inalouy, 
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(24-40)  and  (24*41)  for  the  characteristic  impedance  and  velocity,  are  those 
that  would  be  appropriate  for  a  smooth  line,  if  L  and  C  represented  the 
values  per  unit  length;  they  also  hold  for  the  lumped  network  at  very  low 
f.cqMencIcs  (far  from  cutoff).  The  general  expressions  for  the  impedance  and 
vel  city  at  any  frequency  in  the  region  below  cutoff  are: 


Characteristic  (image)  impedance  /fu 


Phase  velocity  ^  *  rz - 

(sections  per  second)  *  ^/Lc  '  *  (//A) 


(25-51) 

(24-52) 


The  delay  r  per  section  is  defined  u  l/v^.  A  plot  of  r  and  Rq  !s  given  in 
Figure  24-39. 


r  =  0  -  (///,)5  (24-53) 


It  can  be  seen  from  the  figure  that  there  are  two  problems  which  were  not 
considered  In  the  ideal  line  case.  One  is  the  termination  problem,  and  the 
other  the  time  delay,  or  velcKity  problem.  It  Is  Important  that  the  grid  and 
plate  networks  be  terminated  sc  that  there  are  no  reflections;  otherwi.se,  as 
the  frequency  is  varied,  the  reflected  wave  could  alternately  add  to  and  sub¬ 
tract  from  the  forward  wave,  thus  producing  variations  in  the  amplifier  gain 
*\s  a  function  of  frequency.  From  Figure  24-39  it  is  apparent  that  the  ter¬ 
minating  Impedence  must  vary  with  frequency  in  the  manner  Indicated  there, 
instead  of  being  i  ^ple  resistor  us  depicted  in  Figure  24*36. 

The  other  problem,  time  delay,  is  serious  from  the  standpoint  of  the  iran- 
sient  response.  The  curve  of  Figure  24-39  displays  phase  distortion,  I.e.  the 
time  delay  is  not  constant  as  would  be  the  rase  with  phase  pro{Mjrtluna]  to 
frequency.  The  discussion  in  Section  24.2  brought  out  the  undesirable  tran¬ 
sient  |>erfurmancc  resulting  from  phase  distortion. 


Holh  of  these  problems  can  he  solved  sufficiently  well  for  prin  t  lea!  pur¬ 
poses,  although  the  solutious  ure  by  no  means  the  ultimate.  Consider  first 
the  termination  problem.  The  proper  terminating  impedance,  with  character¬ 
istics  as  in  Figure  24-39,  can  be  provided  by  what  the  filter  people  call  an 
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m-derivcd  half-scctlon.  A  words  might  be  in  order  concerning  the  back¬ 
ground  of  terminology,  as  well  as  the  device  itself. 

The  network  sections  of  Figures  24-37  and  24-38  are  low-pass  forms  of 
general  Hiter  sections  shown  in  Figures  24-40  and  24-41.  Proper  choice  of 
the  elements  making  up  Z\  and  Zy  permits  not  only  low-pass  structures,  but 
also  high-pass,  bandpass  and  band-elimination  niters.  One  basic  type  of  all 
these  is  the  so-called  constant-^  structure,  in  which,  Independent  of  frequency, 
the  following  relationship  holds: 


=  ZiZ, 


The  m-derlved  section  evolves  from  the  constant-^  one  in  the  following 
manner.  If  a  network  section  is  assembled  as  in  Figure  24-42,  In  which  Z\ 
and  Zy  arc  the  same  as  in  t'.iC  constant-^  (sometimes  called  ^‘prototype’') 
section  of  Figure  24-40,  such  n  section  is  said  to  be  wi-derived.  The  coefficient 
m  can  be  any  real  constant,  not  necessarily  an  integer.  The  m-derlved  coun¬ 
terpart  of  Figure  24-3?  is  shown  in  Figure  24-43. 

The  m-(lerived  section  of  Figure  24-43  has  the  same  cutoff  frequency  and 
the  same  variation  of  Image  impedance  as  does  the  prototype  in  Figure  24-37. 
Hence,  such  a  section  could  be  inserted  In  a  ladder  of  prototype  sections  with¬ 
out  producing  reilections  at  any  frequency.  There  are  positive  advantages  to 


v  ./I  01/  *1/  xTirz  ^•irs 


Tt: 


Fiounr 


i4-47 


the  m-dcrived  section,  beyond  (his  permlHsive  attribute  being  able  to  use 
the  section  in  combination  with  the  termination  problem.  Suppose  that  wc 
split  the  m  derived  section  of  Figure  24-43  into  two  half  sections  as  In  Figure 
24*14,  and  then  examine  (he  image  impedance  looking  Into  iht  terminals 
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a-dt;  this  Is  called  the  mid-shunt  Impedance.  For  various  values  of  m  it 
varies  with  frequency  as  indicated  In  Figure  24-45.  This  Is  quite  remarkable, 
because  for  all  values  of  m  the  Image  impedance  of  the  main  section  (ter¬ 
minals  b~b)  remains  as  in  Figure  24-39.  The  value  m  ==  0.6  is  particularly 
useful.  Notice  that  R\)/y/L/C  is  very  close  to  I.O  to  a  frequency  nearly  equal 
to  /o.  Our  terminating  technique  is  now  In  hand.  We  connect  a  resistance 
\JL/C  to  the  terminals  a-a;  this  matches  the  Image  impedance  (within 
the  limits  of  the  approximation  of  the  m  ztz  0.6  curve),  and  hence  looking  to 
the  left  At  b-b  the  impedance  Ro  b  same  as  though  there  were  an  infinite 
number  of  either  m-derived  or  conjiant-.^  extending  to  the  l**ft  of 

fl-fl.  Then  we  connect  the  terminals  6-6  to  the  extending  to  the  right, 
which  ladder  Is  then  terminated.  In  Figure  24-a  hb  is  dene  for  the  plate 
network  of  the  distributed  amplifier. 

Our  ftrst  problem  is  thus  solved,  with  the  aid  of  the  tei. mmting  half-sec¬ 
tion.  Four  of  these  terminations  are  usually  required,  one  at  each  end  of 
both  grid  and  plate  networks. 

The  next  problem,  that  of  the  frequency- variable  time  delay,  is  also  solved 
with  the  employment  of  an  m-derived  structure.  If  one  explores  the  time  delay 
{}cr  section  for  various  values  of  m,  curves  such  as  those  of  Figure  24-47  arc 
obtained.  Notice  that  m  =  1.27  has  a  particularly  favorable  characteristic, 
in  that  the  delay  time  remains  approximately  constant  to  a  high  frequency; 
this  is  the  value  usually  chosen  for  delay  lines  and  distributed  amplifiers. 
Hemembor  that  choosing  any  particular  value  of  m,  such  as  1.27,  has  no 
cffccl  on  the  image  (charucterLstic)  impedance,  so  all  that  has  [)ecn  said 
about  terminations,  etc.,  is  unaffected  by  whether  we  use  constant-^  or  m- 
(Icrlved  wclitms  associated  with  each  tube  in  our  amplifier. 

I’here  Is  one  .^lightly  embarrassing  feature  in  ch  ^sing  a  value  of  m  greater 
than  unity;  a  negative  inductance  is  required  in  the  .shunt  branch  (see 
Figure  24-43),  Sucii  a  requirement  can  be  met,  however,  by  providing  imilual 
inductance  of  the  proj>er  amount  between  the  two  series  eiemcnls.  Thus  iti 
Figure  24-43  we  interpret  the  three  inductances  to  represent  the  T  equivalent 
of  a  transformer,  and  then  replace  the  equivalent  t)y  an  actual  transformer, 
it  is  possible  for  the  actual  transformer  to  be  physically  realizable,  even 
though  the  T  equivalent  is  not.  Thus,  the  circuit  of  Figure  24*43  becomes 
that  id  Figure  24-4S,  In  practice  the  transformer  is  constructed  by  tapping 
onto  a  single  layer  colt  of  suital)le  proportions  (see  Kuilman  papers  and 
Reference  30).  as  indicated  In  Figure  24*49 

'rhuH,  each  si*ction  of  the  distributcil  antptil'ier  is  arranged  as  in  Jdgure 
24*49,  where  the  capacitance  is  either  (he  input  or  output  capacitance  of  the 
iiil)e.  'I’he  complete  form  of  the  plate  network  for  Instance,  would  then  he  as 
in  Figure  24*50. 
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Fioimr.  24-50 


This,  then  Is  the  basic  design  philosuphy  of  the  distributed  ampliher,  as 
currently  being  used,  The  steady-state  response  is  quite  acceptable  to  very 
high  frequencies,  in  spite  of  the  btet  that  the  approximuticn  involved  in  the 
terminating  half-acctions  gets  worse  as  the  cutoff  frequency  is  approached. 
From  the  standpoint  of  transient  response,  the  approximation  does  not  seem 
to  work  out  as  well,  and  !is  practice  there  is  a  certain  amount  of  cut-and-try 
manipulation  of  the  termination  on  an  experimental  basis,  while  the  o{)eratur 
otiserves  the  shape  of  the  transient  response. 

Other  forms  of  networks  have  been  employed,  such  as  the  bridged  7\  but 
the  UiTangement  of  Figure  24-50  is  the  most  widely  used.  li  Is  possible,  for 
instance,  to  use  a  continuous  solenoid  for  the  plate  or  grid  line,  with  taps 
along  its  length  for  the  tube  connections  (Reference  31 ). 

In  a  practical  case,  where  the  amplifier  is  to  operate  at  frequencies  of  one 
or  two  hundred  megacycles,  the  analysis  should  be  extended  to  Include  the 
effects  of  the  Input  admittance  of  the  pentode  tubes.  This  input  admittance 
has  both  a  capacitive  and  a  conductive  component,  The  latter  Is  the  more 
serious  in  the  distributed  amplifier,  because  it  pruouccs  attenuation  of  the 
signal  travelling  down  the  grid  network.  The  conductance  of  the  tubes  in¬ 
creases  with  the  square  of  frequency,  and  so  as  the  frequency  Is  Increased 
the  attenuation  ultimately  reaches  a  level  such  that  the  attenuation  |)cr  sec¬ 
tion  is  greater  than  the  gain  provided  by  the  lube;  beyond  this  frequency 
the  gain  diminishes — and  adding  more  tubes  only  makes  matters  worse. 

The  attenuation  due  to  input  conductance  has  been  analyzed  in  the  liter¬ 
ature  (Reference  32).  One  important  conclusion  is  that,  since  the  magnitude 
of  the  input  conductance  is  proportional  to  the  cathode  lead  inductance  and 
cathode-grid  transit  time  of  the  tube,  the  choice  of  lube  must  involve  these 
factors  as  well  as  the  usual  ratio  of  f*,,,  to  capacitance. 

A  question  which  might  well  be  asked  is,  when  does  one  change  from 
using  cascade  amplification  in  favor  of  distributed  amplification?  A  partial 
answer  Is  given  by  the  graph  of  Figure  24-51,  taken  from  the  paper  by  (Jinz- 
um,  c/  a/.  Here  i.s  plotted  the  number  of  tubes  retpilred  to  give  a  gain  of 
8,  which  is  the  optimum  stage  gain  in  the  disttibutlon  amplifier,  i.e.,  if  more 
gain  is  needed,  stages  should  be  cascaded.  This  value  of  gain,  while  low.  is 
chise  to  the  value  v**  which  came  from  FI  mo  re ’.s  analysis  as  the  (»ptlnuim 
stage  gain  for  rise  time.  1'he  iiulependeiu  varial)ie  in  the  graph  Is  bandwidth 
ratio,  or  in  other  words  a  ratio  of  high-fie(|ueiuy  cutoffs,  It  i.s  the  ratio  of  the 
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drairrd  hiKh-frcqucncy  limit  /„  of  the  mr.plifter  to  Ihe  hlfth- frequency  limit 
of  the  tube,  fo>  Two  curvcH  urc  shown  for  the  cnscadc  iimpllfler.  With  ideal 
filter  stHKCs  it  is  us»umed  that  there  is  no  narrowing  of  the  bandwidth  as  the 
numt)tr  of  stages  U  Increased,  while  with  a  gausslan-ty{>e  resjionse,  the  nar¬ 
rowing  is  assumed  to  be  like  that  of  KC  stages  but  with  a  gain-bandwidth 
factor  of  4. 

The  conclusion  from  Figure  24-51  is  that  fur  small  bnndwldths,  l.c.,  small 
Iti/fo  (or  what  is  equivalent,  large  rise  lime),  the  cascade  ampllher  is  better, 
whereas  for  very  large  bandwidths,  the  dlstrilnited  amplifier  Is  more  efficient. 
Indeed,  if  the  bandwidth  requirement  is  greater  than  that  corresponding  to 
an  fjo  greater  than  unity,  ohiv  the  distributed  amplifier  can  do  the  Job. 


Split  •Band  Amptifirr 

The  split-band  ampliAc  ,  ometimes  called  the  parallel  chain  amplifier  or 
divided-band  amplifier,  has  been  t)roiM)sed  at  variou.s 
times,  and  Is  the  subject  of  a  limited  amount  of  current 
research  (References  33  and  34).  The  basic  .structure 
consists  of  two  (or  more)  uinplifiers  In  parallel,  each 
providing  gain  over  a  ])ortion  of  the  entire  pas.sband 
needed,  a.s  depicted  in  Figures  24-52  and  24-53.  'I'he 
individual  amplifiers  may  lie  either  cascade  or  di.s- 
tributed.  Although  the  ultimate  performance  of  this 
split -band  structure  holds  great  promise,  there  is  dif¬ 
ficulty  in  designing  the  branching  network.*;  A't  and  A’;^, 
and  the  characteristics  of  each  amplifier,  so  that  the 
entire  assembly  has  the  (iesired  fre(|uency  re.spon.se, 
yi(u-K».  M-5.1  l)artlculai!y  in  the  critical  crossover  region. 


Kioi'SK  24-52 
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24.5  liitro<!urlioii  to  thi*  Filti^r  Amplini*rt  !*F  Amplincrt 

Thr  (liscuM.Hlon  of  vidoo  amplifiers  ccntcrod  around  the  transient  response. 
*rhc  function  of  the  video  amplifier  was  to  provide  gain  with  as  little  distor¬ 
tion  j>f  the  waveform  as  possible.  !n  many  systems,  however,  such  as  hX'M 
receivers,  there  Is  a  different  kind  of  requirement.  Not  only  Is  nn  amplifying 
system  expected  to  produce  gain  over  a  bandwidth  sufficient  for  the  Inforiru- 
tion  contained  in  the  slanal,  but  it  must  also  rrjrcH  signals  outside  the  ap¬ 
pointed  band.  This  Is  primarily  a  .steady-state  matter;  we  are  talking  in 
terms  of  the  frequency  re.spon.se  of  the  system.  It  may  of  course  be  true  that 
the  desired  signal  which  Is  to  be  um|)lificd  consists  primarily  of  transient 
waveforms,  and  that  the  transient  response  must  therefore  not  be  entirely 
ignored.  Nonetheless,  we  shall  seek  to  allow  for  this  through  use  of  the  inter¬ 
relationships  described  in  the  preceding  sections,  between  steady-state  atul 
transient  response. 

Our  principal  concern  will  be  with  intermediate-frequency  (l-f)  bandpass 
amplifiers,  rather  than  with  lowpuss  or  highpass.  In  one  sense  we  considered 
the  lowpa.ss  amplifier  in  the  preceding  sections,  but  there  were  no  require¬ 
ments  that  the  ampliHer  reject  fri'(|ucncies  alxive  any  prc.scribcd  frec|uency 
limit.  Bandpass  amplifiers  are  fundamental  to  all  types  of  systems  using  the 
radio- frequency  spectrum  on  a  freriuency-.Heparatlon  basis  (as  opposed  to 
lime  MpariUion,  e.g.  inultichanncd  I*TM),  including  Kf  'M,  radio,  ratiar,  and 
carrier  on  wire  llne.s. 

'rhere  are  scleral  aspects  of  the  design  re(|uirements,  and  their  relative 
importance  will  vary  from  one  applicttlon  to  another.  These  are  the  gain 
magnitude  (band  center),  the  bandwidth,  and  the  center  frequency.  It  shall 
be  the  objective  here  to  present  technl<|ues  which  make  possible  the  achieve¬ 
ment  of  really  niftkult  combinations  of  requirements;  vix,  high-gain,  large 
bandwidth,  and  high  center  trequeiicy,  all  In  one  amplifier,  together  with 
good  rejection  of  signals  outside  the  passband. 

High-gain,  bandpass  amplifiers  are  usually  to  lie  found  in  the  receiver 
portions  of  systems,  where  (he  signals  are  ot  small  amplitude.  Hence  we  can 
detd  with  the  small -signal  ecpii valent  circuit  of  the  tubes,  which  in  most 
cases  w'lll  be  pentodes  (Figure  24-54). 
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From  the  ftKurc  it  !»  perceived  thut  the  lube  provides  ii  tinrar  (constant 
/fw),  unilateral  network,  associated  with  which  will  be  a  group  of  circuit  ele¬ 
ments  comprising  an  ifftmtaKr  coupliftfi  network  (referred  to  Inter  simply  ns 
an  interstage).  The  two  in  combination  comprise  an  amplifier  staar.  An 
example  is  shown  in  Figure  24-55,  in  which  the  interstage  is  simply  n  paralhl 
resonant  circuit. 

It  will  turn  out  that  in  order  to  achieve  large  bnndwidths  there  will  be 
added  no  additional  shunt  capacitance  beyond  that  provided  by  the  ln|)ut  and 
output  capacitances  of  the  tube,  (’i  and  Co,  re.spcctlvcly.  Moreover,  at  high 
frequencies  the  effects  of  transit  time  and  the  inductance  of  the  cathode  lead 
in  the  tube  contribute  to  an  appreciable  input  (onductance  ft**  these  cir¬ 
cumstances  the  equivalent  circuit  of  the  tube  appears  as  in  Flgu^’e  24-56.  It 
should  be  pointed  out,  however,  that  the  input  conductance  really  varies 
with  frequency  (Increasing  as  but  is  usually  consldeted  constant  over  the 
pass  band  of  the  amplifier  in  practical  cases. 


Fuit’RK 


Fvrn  the  circuit  of  Figure  24-56  is  still  a  linear,  unilateral  network.  'I'he 
unilateral  property  would  be  destrciyed  If  the  grid-jdate  capacitance  of  the 
tulie  were  sign! bean t,  but  in  mo.st  modern,  high -gain  pentodes  this  capacitance 
can  l)e  ignored. 

Our  basic  prol)!em  consists  in  assembling  useful  comliinations  of  tubes  and 
iiMerstages,  usually  in  the  cascade  (or  •‘tandem,"  or  "chain")  arrangement, 
in  such  a  way  and  with  such  components  as  to  provide  u  desireti  gain  and 
amplitude  response.  (NjUe;  awplitudr  response  will  be  the  alibreviated  way 
of  saying  "amplitude  response  versus  fre(|uency,"  or  "gain  magnitude  versus 
fretiuency.") 

'riu*  problem  is  similar  to  (hat  of  designing  a  filter  consisting  of  passive 
network  elements  only.  Imleed  tlie  properties  of  the  over-ail  tracisfer  fum  - 
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fion  of  an  nmpliner  have  many  i)oints  in  common  with  that  of  the  passive 
Alter.  !t  might  be  said  in  this  regard  that  we  are  dealing  with  applied  network 
theory.  Our  task  is  more  difficult  In  two  respects:  (1)  the  amplIAcr  must  pro¬ 
vide  gain,  and  (2)  we  arc  constrained  to  interstage  networks  that  will  func¬ 
tion  properly  in  combination  with  the  irreducible  equivalent  net  ork  of  the 
tubes  (e.g.,  Figure  24-56).  As  a  consolation,  however,  it  will  turn  out  that  the 
unilatcr.'il  property  of  the  tubes  serves  to  “isolate”  the  interstage  network.^, 
and  certain  advantages  arc  gained,  both  in  the  design  and  alignment  of  the 
ampliAe: ,  as  contrasted  with  the  completely  passive  structure. 

Since  the  interstage  networks  can  be  only  tho.se  which  “At  in”  with  the 
tube  networks,  it  nilghi  well  be  t*xi>cctcd  that  only  certain  classes  uf  inter- 
.stages  have  been  found  to  have  practical  value.  This  is  indeed  the  case,  and 
the  synthesis  of  the  Alter  aniplIAcr  is  largely  a  matter  of  srJn  tlony  both  as  to 
tube  and  network,  buse<i  upon  suitable  fiftures  of  rntrit  for  comparing  their 
value.  Therefore  we  shall  commence  the  study  by  an  examination  of  several 
types  of  interstage  network,  beginning  with  the  simplest. 

We  shall  not  proceed  far  in  the  dlreclion  of  network  complexity,  although 
the  frequency  respon.se  of  a  multistage  ampHAer  may  be  identical  in  its 
characteristics  to  that  of  a  complicated  filter.  Where  many  tubes  are  needed 
to  supply  iioin^  it  Is  good  .strategy  to  distribute  nunidcntical,  simple  Alter- 
type  networks  between  the  tubes,  all  designed  in  such  a  way  us  to  yield  the* 
desired  ovei-all  re.sponse.  'I'lils  comprises  the  so-called  Alter  ampliAer,  a  term 
introduced  by  liulterworth  (Reference  ^5). 

When  only  u  few  tut)es  may  be  needed  to  provide  the  required  gain,  and 
yet  the  desired  Ircqnency  response  be  that  of  a  Alter  with  many  sections,  it 
is  po.ssible  to  use  networks  of  greater  comple.xity  than  those  commonly  u.sed 
with  filler  ampliAers.  Such  networks  differ  from  the  usual  pa.ssive  filter.H  in 
that  they  must  provide  for  capacitance  at  Input  and  output  terminals  and 
also  for  finite  of  the  inductors  (Roferencr  ?6),  Adjustment  of  such  net¬ 
works  calls  for  special  lechnUiues  (Kefeience  57). 

24i6  'rwo-T«*rtitliittl  liiterstugc  Network  i  Tlir  Inter- 

21.6,1  IVoprrtlrM  of  ii  Hhigilr  Stugi* 

As  a  starting  point,  suppose  thiit  our  gain  rtaiuirements  are  so  modest  as 
to  permit  the  nse  of  <me  stage  alone.  Or,  even  if  they  are  not,  the  single  .stag'* 
is  the  fund.tmental  ^'ImiUling  block"  in  the  multistage  ampl:fier. 

.Next,  let  us  see  what  can  l;e  done  with  th».'  simplent  possible  interstage 
network,  <tnd  use  the  performarce  of  suclt  a  network  us  a  calibration  for 
lomparing  other  more  complicated  networks. 
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As  a  ^"ractlcal  ma  the  only  form  of  two-lfrmlnal  inlcrslaj^c  In  exien^vc 
use  today  is  the  single-tuned  network. 

Starling  with  the  basic  equivalent  network  for  the  lube  (Figure  24-26)  the 
single-tuned  Interstage  Is  constructed  by  adding  a  shunt  inductance  tuned 
to  resonance  at  the  desired  center  frequency  wllh  the  total  Interstage  capacl- 
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lunce  Ci  +  Cot  tt  resistance  /?.  This  Is  Illustrated  In  Figure  24-57. 

With  most  pentodes  It  Is  pof^sible  to  ignore  and  In  comparison  with  /f, 
in  which  case  the  circuit  reduces  to  that  of  Figure  24-58.  In  any  event,  R 
can  represent  the  parallel  combination  which  includes  fp  and  The  capacitor 
C  likewise  represents  the  parallel  ci)iiiuitmiion  of  Co,  C<  and  stray  wiring 
cupucitancc. 


Kku^rr  24-58  Fldt'HK  i4-5<J 

it  must  be  pointed  out  here  that  In  adding  parallel  R  we  have  elected  to 
explore  the  wideband  case.  If  we  wanted  a  narruw-bana  amplIAer,  we  would 
add  no  shunting  resistanr<»,  and  would  be  careful  that  the  inductor  /.  had  the 
least  p()sslble  losses  (highest  possible  (>).  The  Inductor  iosse.s,  usually  con¬ 
sidered  as  a  series  resistance  R,,  are  generally  the  dominant  factor  In  det  *r- 
minlng  the  bandwidth,  and  hence  the  proper  equivalent  circuit  Is  that  of 
Figure  24-59.  This  cu.hc  Is  the  roughly  explored  In  the  radio  engineering 
l)ooks.  (for  example,  sec  Reference  1)  and  wc  leave  It  now  in  favor  of  the 
more  difficult  task  of  mairUaming  a  wideband  simultaneously  with  high  gain. 

We  proceed  wllh  the  analy.sls,  after  first  defining  some  terms,  d'ho 
lunciion  Ai/ut)  Is  the  complex  number  which  contains  the  amplitude 
and  ph.ise  of  the  ratio  /'-p y (;<•») /A'ii ^ 'I’he  A’ri/w  (without  the  word  “func- 
!ion'*)  is  t.'ikrn  to  be  the  midband  gain,  i.e.,  |d(y(.)o)|,  where  i.io  Is  the  radian 
fretjuency  at  the  center  of  the  band.  Finally,  the  bandwidth  H  i.s  arbitrarily 
<le fined  as  the  Interval  between  the  two  frecjutncies  (one  higher  and  one 
lower  than  the  center  or  midband  Iretiueiuy)  at  which  the  magnitude  tif  the 
gain  function  [/I  (;«))[  is  down  to  70. 7S  db)  of  the  midband  gain. 


/ 


/ 
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For  FlKure  24-58: 


/<(^<) 


E. 


1 


I  1 

where  =  1/(1//?  i  jwC  +  1/M)  ^ot 

/?/wo/.*  find  «jo  ”  l/\/Z^ 
1 


+  }Q  /  W _ wo  Jv 

\  wo  ***  / 


=  -  <r««  - 


•  +  iO  /  /  _  /»  \ 

rvo"  ■  /"; 


where  /  =  w/Ii»r 

/o  ■=  wo/27r 

Maximum  ^a!n  ut  mldhand  (/  =:=  /o): 

\/i  (jiito)  I  =  /fm/? 

Handwidth  limllR  determined  by  /  to  f^Ive: 


or 


/l(^)  r=  -  g„M  - 
|/i{^ui)|  =  i'l  (/•»())! 


/l  _  hi /n 

/«  /l  /a 


I 


1  +  jl 
I 


^  J 

/o 


llandwidth  =n  —  /y  —  /n/() 
=  I/2ir/?C 


(24-54) 


(24-55) 


(24-56) 


(24-57) 


(24-58) 

(24-5S//) 


'I  he  two  fri»(|ui‘Mcit\s  /j  and  /y,  at  whkh  tho  nwgftitudt*  of  the  gah:  function 
(so  me  times  called  the  omplituiU'  response,  or  simply  response)  Is  down  db 
from  that  at  !)and  center  /m,  are  related  by: 


l\i/l\  —  I:  /( 


(24*59) 
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Thus^  /o  in  the  geometric  mean  of  f\  and  /a,  and  the  pawband  of  the  amplifier 
Is  said  to  possess  “Mconictrlc  symmetry"  about  /«. 

Notice  that  in  Kq  (24-5Ba)  the  bandwidth  is  Independent  of  the  center 
frequency  /o.  (In  (24-53)  /o  appears,  but  it  Is  also  implicit  In  (>  and  can* 
eels  out  In  the  quotient.) 

Notice  also  that  in  Kq  (24-57)  the  gain  is  independent  of  the  center  fre¬ 
quency.  Most  important  of  ail,  however,  observe  that  in  the  product  of  (24- 
58a)  and  (24*57),  the  <<ain-bandwidlh  product  Is  not  only  Independent  of 
frequency  but  is  also  independent  of  the  resistance  R\ 


Gain  X  Bandwidth  =:  i'w/2rC 


(24-60) 


This  shows  that  gain  can  be  exchanged  for  bandwidth  (by  varying  K),  but 
the  product  remains  constant,  and  Is  Independent  of  center  frequency.* 

The  product  of  gain  times  bandwidth  for  the  single-tuned  circuit  as  given 
by  (24-60)  is  determined  primarily  by  the  tube.  Kxcept  for  stray  wiring 
capacitance,  the  quantity  C  is  largely  due  to  the  tube,  and  so  also,  of  course, 
is  This  tells  us  that  In  selecting  a  tube  for  large  gain  and  bandwidth,  the 
gm/C  ratio  should  be  as  large  as  possible.  For  a  chart  .'Showing  the  C\ 
and  gm/C  for  currently  available  commercial  tube  types,  see  Reference 
Moreover,  there  is  no  benefit  in  a  large  gm — a.s  might  be  achieved  by  con¬ 
necting  several  tubes  in  parallel — if  the  capacitance  ('  is  increased  in  the 
same  proportion. 

The  expression  in  Kq  (24-60)  is  the  gain-bandwidth  product,  a  term  which 
we  shall  distinguish  carefully  from  the  gain-lmndwldth  factor.  The  latter  Is  a 
figure  of  merit  that  is  u.seful  in  comparing  various  interstage  tictworks  against 
the  single-tuned  stage  lUi  a  ^‘yardstick*'.  This  Is  what  we  did  in  the  transient 
analysis  of  fast  amidiHers;  the  relative  speed  of  various  circuits  such  as 
.shunt  peaking  was  com|iared  to  the  resistance-coupled  .stage.  Thus,  in  the 
case  at  hand,  the  gain-bandwidth  factor  of  a  circuit  is  obtained  by  taking  the 
gain  bandwidth  prodiH't  and  dividing  It  by  the  galn-bandwidlh  product  tif 
the  single-tuned  stage,  namely  gm/2n(\  \Vc  shall  find  that  for  (wo-termlnal 
interstages  the  maximum  gain-l>nndwidth  factor  is  2.0,  while  with  four-ter¬ 
minal  networks  it  can  the  'ctlcally  he  as  great  as  Tr^/2  or  4.y.b 

The  gain  function  .IOjI  given  in  K(]  (24-56)  can  be  simplifietl  if  the  cir¬ 
cuit  l.MindwIdth  is,  say,  10  percent  or  less. 

*lt  In  worth  iintitiK  that  ltiro>  U  prat t hid  limit  on  how  hltth  lht‘  (rnict  frtMiiic'my 
may  hr,  ilrtrrinlnrd  by  Ihr  input  conduttamT  which  liumiHrf*  aN  f*.  H  the  load  rcN!-* 
tor  1h  rrmovril,  am)  ♦)  v,.  tint*  thr  »taln  nlvrn  l»y  I'hj  (M  ^7)  hocnmiN  I’tiiN 

uuantlty  will  dimlnUh  with  Ini  rriiKlnu  frrtiiu  niy  iiit:;!  at  Komr  limit  Ink  laMiucm  y  the 
NtaKr  Main  will  laaomr  h  ni*  than  unity.  For  rxiimpii',  a  tiAK<  may  have 
5  to  and  j,',  Oil  X  wain  will  tluiN  to  unity  when  f  rrathr*' 

toil  me 
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o)n_  ^  ui*  feiQ*  ^  4*  ***o)  (<** 

<a  lUoitf  wo(tf 

fa*o) 

•>0 

Narrow  Band: 


A()w)  —  Xm  R  7t) 

1  j  -^(w  —  wo) 

wo 

(24.ftl) 

—  tm  R  20 

1  +  /  ^-  {/  -  A.) 

(24-6l(;) 

Notice  that  In  thin  narrow-bnnd  ni.*<c,  the  function  hii%  "‘arithmetic  lymmetry'* 
about  Mil  i  c.,  the  two  frequencie.i  m]  and  (i>u,  at  which  the  response  is  down 
to  70.7  percent  are  equally  dlMpiaced  In  frequency  Increment  above  and 
below  0)0,  or: 


<i)|  li)()  —  wo  “  wj  ^ 

/j  —  /o  =  /()  —  /y  f 


(24-62) 


24.6,2  Multistage  8lngle-Tu}i«*(l  Amplifier 

It  would  be  unusual  If  the  gain  of  one  stage  were  adequate;  most  appllca*' 
tiems  recpilre  several  stages  In  cascade.  The  intermediate-frequency  amplifier 
In  a  radar  .set  might  have  as  many  as  ten  stages,  while  a  tranicoritlnental 
relay  iink  would  have  hundreds  of  stages. 

In  cascade  amplincalion  the  gain  functions  combine  in  a  continued  product. 
The  midband  gain  will  be  the  nth  power  of  the  stage  guir.;  namely, 

|/l(^)|  ==  (24-63) 


Simultaneously  the  bandwidth  will  decrea.se  as  the  number  of  nlages  is  in¬ 
creased,  'I’hus  the  —3-db  points  for  (me  stage  become  the  •~6'dl)  points  for 
two  stjiges  In  cascade,  with  a  resultant  smaller  .separutiem  of  the  -“3-db 
points  for  the  pair.  To  solve  analytically  for  the  manner  in  which  the  Imnd- 
wldih  “shrinks*'  It  w'ill  be  c(»nvenieiU  to  rewrite  K(|  (24-56)  and  (24-61)  In  a 
normalized  fre(|^ency  variable  x  us  follows: 


.Selectivity  Function 


(24-64) 


I 


I 
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In  terms  of  this  norniHllKcd  varinble  the  bandwidth  of  a  single  stage  is  2.0, 
und  against  this  we  can  compare  the  bandwidths  for  larger  numbers  of 
stages. 


1^  Ux)  I  = 


For  Yi  bandwidth  Xu 


For  fi  >>  1, 


.V- 


VI  +  ' 


Xn 


X  - .'j 

(24-65) 

\  Wu  w  / 

_  I 

(24-66) 

, /T‘ 

\* 

=  y/2^-n^ 

(24-67) 

0.833 

M  -  V 

(24.67a) 

y/n 


Now,  since  the  bandwidth  for  one  singe  is  2.0,  the  half  bandwidth  is  1.0,  and 
hence  Kq  (24-67)  Is  also  the  ratio  of  the  bandwidth  of  «  stages  compared 
the  bandwidth  of  a  single  stage: 


Bandwidth  of  n  stages 
Bandwidth  of  one  stage 


v/2''"  --  i' 


(24-68) 


for  «  >>  I 


Thus,  In  a  cascade  of  single-tuned  stages  the  gain  Increases  with  the 
nuntber  of  stage.i  arn^rding  in  one  law,  Kq  (24-6.i);  while  the  bandwidth 
varies  according  to  another;  namely,  K(|  (24-6K).  Thus  the  contribution  of 
one  stage  to  the  over-all  gain-bamlwidth  product  will  be  <iifferrnt  if  the  stage 
is  used  alone  or  in  a  cascade  with  other  stages.  To  allow  for  this  in  our 
ligiire  i>f  merit,  the  fiaifhhopttiwidtft  factor  (GBF)  by  means  of  which  \vc 
shall  compare  the  effectiveness  of  variou.s  circuits  we  «lo  two  things:  ( I )  take 
the  «th  roi»t  of  the  over-all  gain,  giving  a  poran  static  (2)  divide  the 
mean  stage  gain  by  2n(\  The  gain-bandwicith  factor  Is  then  the  product 
of  this  normaii/cd  mean  stage  gain  times  the  over-atl  bandwidth.  It  is  a  func¬ 
tion  of  the  circuits  used,  rather  than  of  the  tubes. 

(jidn-Bandwidth  ___  ((H'er-all  (Iain)  '  ”  (Over-all  Band-  (24-60) 
OHh  ^  Factor  “*  g,,, /27r(‘  width) 
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A  phenumenon  of  both  iDathcmutical  and  practical  Interest  is  that,  for  o 
Kiven  bandwidth,  there  Is  a  deftnitc  maximum  of  gain  which  cannot  be  ex¬ 
ceeded.  There  Is  likewise  a  tnaximum  bandwidth  attainable  for  a  specified 
gain.  The  latter  cKcurs  when  each  stage  contributes  a  gain  At  of  1.65  to  the 
over-all  gain  /In*  The  number  of  stages  needed  and  the  resulting  maximum 


bandwidth  /I, nine  wre  given  below: 

1,65  =  4..14  db 

(24-70) 

n  =:  2  \n  A„ 

(24-71) 

,,  _  0.833 

2irC  y2t  In  /If, 

(24^72) 

24.6.«%  HHectlvlly  i(ulio 

It  was  .stated  that  the  filler  amplifier  has  the  dual  objective  of  amplifying 
signals  within  the  desired  passband,  and  of  rejecting  signals  lying  outside 
tills  band.  'I'hc  ability  to  reject  unwanted  signals  is  sometimes  called  the 
selectivity  of  the  system,  Assigning  a  measure  to  this  selectivity  Is  .somewhat 
arbitrary.  The  slmplrst  approach  would  be  merely  a  graphical  plot  of  ampli¬ 
tude  versus  fre<|ucncy,  i.e.,  the  amplitude  response.  'I'he  steepness  of  the 
portions  of  th»'  curve  well  removed  from  the  passband  Is  one  kind  of  mcr.sure; 
it  Is  .sometimes  called  the  skirt  selectivity,  since  it  involves  the  skirls’*  of  the 
re.spon.se  curve. 

A  better  quantitative  m;*a.surc  is  provided  when  it  Is  knowm  that  In  the 
system  where  the  amplifier  -vill  be  used  the  undesired  signals  will  be  separated 
from  the  desired  one  by  fixed  frequency  Intervals.  Thus,  in  broadcasting,  the 
stations  are  assigned  to  channels  separated  by  10  kc,  and  the  .severest  prob¬ 
lem  is  to  reject  the  signals  In  adjacent  channel.s.  The  broadcast  people  have 
a  term  udjiuntt-chtiNttvl  schrtivify,  which  is  simply  the  ratio  of  the  gain  at 
midband  to  the  gain  10  kc  above  or  below  midband,  Similarly,  sruomi- 
( fiunnri  srin  tivity  would  refer  to  20  kc  above  or  below  midband.  'Fhe  same 
phllo.sophy  WDulil  apply  to  multichannel  carrier  systems. 

In  the  general  tase,  Iiowever,  where  fre(|utiicy  assignments  are  not  so 
orderly,  there  is  another  numerleal  measure  of  the  selectivity  that  has  gained 
acceptance  in  recent  years,  'rhis  is  the  so-called  srhrtivity  ratio  (ft  haftd- 
width  ratio.  It  is  the  ratio  of  the  bandwidth  at  which  the  amplitude  response 
is  (loN^n  no  dl)  from  that  at  midiiand  to  the  bandvvicith  at  which  the  response 
is  down  (i  db.  'I'hus  it  nndd  be  called  the  UO  6-db  bandwidth  ratio.  Other 
levels  toidd  have  l)een  chosen,  but  these  are  convenient  and  serve  the  pur- 
pt)se  of  evaluiiting  tlie  respnn.se  well  outside  of  the  desired  passl)Mnd.  'rypical 
values  i»l)laiMed  are  on  the  r>rder  of  two  for  a  good  ctMiimunlcatlons  receiver, 
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And  perhaps  12  for  a  radar  system.  Clearly,  a  value  of  unity  would  be  the 
limiting  case. 

For  the  single-tuned  amplllkr,  the  selectivity  ratio  of  a  single  stage  is  so 
large  us  to  be  almost  uscle.ns,  namely  577.  As  the  number  of  stages  is  In¬ 
creased,  however,  the  ratio  decreases  rapidly  to  a  limiting  value  of  3.15.  For 
six  stages  It  has  already  dropped  to  5,9.  Other  Interstage  arfungemenls  will 
turn  out  to  be  superior,  however. 


Selectivity  Ratio  for  n  Identical 
single-tuned  stages 


\ 


(24  7M 


24.7  Approximation  I  Commonly  Uacd  Function!  for  Approximat¬ 
ing  Constant  Gain  or  Linear  Phase 

In  the  filler  amplifier,  the  usual  problem  Is  to  approximate  an  “ideal” 
amplitude  re.Hponse,  such  us  In  Figure  24-60,  which  cannot  be  [ihysically 

realized  with  an  amplincr  containing  only 
Anltc,  lumped,  linear  networks. 

We  want  suitable  gain  functions  which  are 

M/,) 

I— —I  physically  realizable,  and  which  we  can  later 

use  to  obtain  element  values  for  )>artlcu!ai 

..I  . Interstage  networks  (such  as  the  slnglc-ttined 

circuit  of  Section  24,6.1). 

FmcHK  Notice  that  a  cascade  of  Identical  single- 

tuned  stages  |)rovldcs  a  crude  approxinnllon  to  constant  gain.  From  Kq 
(24-65)  the  normalized  am|)litU(lc  response  Is: 


(24.65) 

It  really  Is  not  a  very  good  function,  either  from  the  standpoint  o(  the  shape 
of  the  re.'^ponse  curve  being  like  Figure  24-60,  or  from  the  standpoint  of 
tonacrvation  of  gain-bandwidth.  Two  gain  functions  will  be  presented  which 
are  better  In  both  resjwcts,  and  can  be  realized  almo.si  as  readily  with  the 
single-tuned  or  tilher  lnler.^tage  networks. 

Another  approximation  problem  is  the  obtaining  of  moderately  effective 
filtering  plus  a  gisid  linear  phase  characteristic  In  (he  pnssband. 

24^7. 1  Maximnlly  Flat  (»ain  Fiiiietloii* 

Also  known  as  the  “Hulterworth’’  function  (Keference  35),  and  as  ‘ap- 

♦Thc  term  auer/MKi/  Jlatnrw  wat.  iWni  liUioiiiutMl  In  Kelrmiu'  .P>,  pamv*  .M7  la.V  Sn* 
nUo  Krfirriui*  40 
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proximatlon  in  the  Tu>lor  sense/’  this  function  has  for  its  normalized  magni¬ 
tude,  or  amplitude  response,  the  following  form: 

1 

yj  i  + 

The  sha|K*  of  the  response  curve  for  various  values  of  n  (the  number  of 
stages)  is  shown  in  Figure  24-61.  As  n  increases,  the  shape  becomes  more 


nearly  the  rectangle  of  Figure  24-60.  The  3-db  bandwidth  remains  constant, 
'rhe  function  Is  always  monotonIc;  I.e..  decreases  uniformly  toward  zero  on 
either  side  of  band  center,  and  for  a  given  n  it  represents  “maximal  flatness” 
in  that  the  maximum  number  of  derivatives  (2n-l)  are  zero  at  band  center. 


1'hls  feiilure  can  be  demonstrated  as  follows; 

nx)  (I  +x“")  (24-74) 

Expand  /(.r)  in  a  power  serie.n: 

Hx)  =  I  -  -}  j  -  .  (24.75) 

Compare  Eq  (24-75)  with  the  corresponding  Taylor  (McLnurin)  series 
for l{x):  (24-76) 


/(.v) 


/(O)  -f  r(0)4;  \  r{0) 


/u«  !(0);ca«  I 


I.O 


'rhese  terms  inissing  in  Kt\  (24-75);  hence 

nO)  =  0 

r(0)  =0 


This  term  and 
higher  even-order 
terms  arc  present 
in  Eq  (24-75) 


p  «(0)  0 

T1u!S  the  first  2n  —  l  (leiivatives  are  always  zero  at  .v  0  for  the  function 
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l/Vl  +5^.  Remember  that  =  0  corresponds  to  /  =  /o,  the  frequency  of 
maximum  ^aln  In  the  bandpass  ampliHer  case. 

The  selectivity  ratio  of  the  maximally  flat  response  is  given  below,  which 
is  seen  to  be  similar  to  Kq  (24-73)  for  cascaded  identical  lingle-tuned  stages, 
but  smaller  for  given  rt,  and  hence  superior: 

S.l«.M.y  R..IO  =  <«•”) 

24.7.2  Equ8l«H(pp!e  Gain  Function 

An  alternative  to  the  maximally  flat  approximation  to  constant  gain  in  the 
passband  is  the  equal-ripple  response  illustrated  in  Figure  24-62. 


Ripple,  db  =  20  logic  1  +  «  (24-78) 

=  10  logic  ( 1  +  «) 


Such  an  amplitude  response  Is  readily  devised.  I’he  magnitiue  ^  ripples 
can  be  .specified,  although  not  their  frequency  spacing.  This  re  r>  4C  function 
turns  out  to  be  advantageous  from  three  stnnd|x)ln  s;  more  gain  can  be 
achieved  for  the  same  bandwidth;  the  approximation  to  constant  gain  is 
usually  better  for  steady-sute  applications  than  Ir.  the  maximally  flat  re¬ 
sponse:  and  the  selectivity  ratio  is  better. 

The  analytic  expression  of  the  amplitude  response  oi  Figure  24-62  Is  given 
below.  It  contains  C'hebyshcv  polynomials,  and  because  of  this  the  apprcrl- 
n  lilt  Ion  function  Is  so:iietlmcs  called  the  '  Chebyshev  re.Hponse.” 


1//“!  I  a  v  (.rl 


Where:  t  =  ripple  parameter  =^antiIogHi  ^ 


(24-79) 


r„(jr)  ==:  C’hebyshev  polynomials  (24-80) 
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=  X  C%(x)  —  +  1 

Ca(4f)  2x^  —  I  C\(x)  =  16  a:"  204f^  +  5x 

C\{x)  =  4aH*  -  .U  Ctt(x)  :=:  32jc«  -  48Ar<  +  18jc“  -  1 

Cr^lix)  =  2xCn(x)  -  Cn^  l{x)  (24-81) 

I'hcrt*  Im  also  a  convenient  expression  for  the  general  polynomial  in  terms 
of  trigonometric  functions: 

(  cos  (w  cos  *  x)  for  —  I  <  x  <  4  1 

Cn{x)  =  \  (24-82) 

(  cosh  (fi  cosh  *  x)  for  |jr|  >  1 

24.7.3  Litieur  FItaic  RrMponao 

In  some  systems  either  bandpass  or  low  pass,  it  may  be  the  objective  to 
make  the  amplirier  have,  as  closely  ns  possible,  a  phase  shift  0  that  varies 
linearly  with  frequency,  or  what  Is  equivalent,  u  phase  delay  r/w  that  Is  con¬ 
stant  with  frr(|uency.  'I'he  amplitude  response  is  taken  as  It  comes, 

'rhe  phase  response  Is  always  an  odd  function  of  frequency  with  respect  to 
hand  center,  and  may  look  as  In  Figure  24-63.  The  derivative  on  the  other 
I.and,  will  be  an  even  function  as  in  Figure  24-64.  This  suggest.*i  that  one 


I'lm'KK  24 -63  Kiocsk  24-rj4 

approximatbni  to  [lerfect  linear  phase  (which  Is  not  physically  rea!i/u))te 
over  an  Infinite  freipiency  range)  would  be  to  make  the  phase  delay  maxim¬ 
ally  Hal  (References  4I  and  42). 

K(jual*rlpplc  approximations  to  llm*ar  phase  (or  constant  delay)  have 
received  study,  but  no  compilation  of  generally  useful  results  lias  yet  ap¬ 
peared. 


2i.7»4  Arhhritry  Hespoiineii 

'The  formal  examples  of  amplitude  or  |)hiise  respmises  which  ha\i‘  been 
presen  I  e<l  are  by  no  means  the  only  useful  ones.  In  some  resptTts  they  are 
too  cireumscriiied  by  theoretical  limitations.  For  instaiue,  It  is  not  possilde 
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to  get  both  maximally  Hat  Amplitude  and  maximally  flat  delay  in  a  simple 
amplIAer  structure;  yet  Bradley  (Reference  4J)  has  shown  that  one  can 
device  a  response  which,  from  a  practical  standpoint,  Is  very  Hat  in  both 
amplitude  and  delay  and  which  has  good  selectivity  as  well;  this  Is  shown 
in  Figure  24-65. 


24.8  Htagger  Tuning 

The  term  stagger  tuning  refers  to  an  amplIAer  comprising  several  stages 
in  cascade,  In  which  the  stages  arc  nut  tuned  identically  to  the  same  fre¬ 
quency  but  are  staggered  at  frequencies  above  and  below  the  desired  center 
frequency  of  the  complete  amplifier.  Nth  only  are  the  tunings  of  the  Indivi¬ 
dual  stages  nonidcntical,  but  their  bandwidths  are  also  different. 

1'he  objectives  of  stagger  tuning  arc  twofold:  (I)  n  greuler  galn-l)and- 
width  is  achieved  than  with  u  cascade  of  Identical  stages,  and  (2)  a  pre- 
scritied  amplitude  respi)nse,  such  as  maximally  fiat  or  equal  ripple,  can  t}e 
synthesized,  either  of  which  is  preferable  for  filtering  than  U  the  response  of 
identical  stag*^s, 

Historically,  the  advantages  and  possibilities  of  stagger  tuning  were  ap¬ 
parent  to  a  few  people  several  years  before  it  becantc  a  widely  used  tech- 
..i(|ue.  1*he  deslraldlily  of  .synthesi/lng  a  complicated  gain  function  from 
simple  networks  in  a  multistage  amplifier  was  first  advocnte<i  by  Butterworth 
in  lO.tO  (Kefe'ence  .t5).  although  the  giiin-lmndwldth  advantage  did  not 
luH-opo’  apjmrent  until  Schlc  iemann’s  paper  in  l*^i9  (Refereiuv  44).  'The 
latter  paper  was  apparently  not  read  by  anyone  In  this  country  until  alxiut 
PM.t,  altiiough  Landon  in  the  meantime  had  published  a  paper  having  to  do 
wall  liie  iiKuliii.iiiy  Hat  response  function  { Reference  3^,  pages  M7-.U)2  and 
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481-497).  To  Henry  Wullman  brlonKn  the  crcdll  for  “putlinR  tcross*’  the 
stagKcr  tuning  technique  (Reference  45),*  In  connection  with  wideband  In¬ 
termediate-frequency  amplinern  iwed  in  the  receiver  of  a  radar  »y»teni. 

Wallman*9  work  provided  unable  date  for  Bynthenixing  the  maximally  flat 
amplitude  response  with  nlngle-tuncd  aniplIArr  ntagen.  This  was  extended  by 
Haum  (Reference  46)  to  Inchnle  the  equul-rlpple  ^unction,  and  by  Trauiman, 
rt  aif  to  Include  other  InicrstaKC  networks  (References  47,  48,  49,  and  50). 

The  principal  elements  of  the  tcchnbjue  are  to  assign  suitable  values  of 
center  frequency  /«  and  Imndwidth  or  to  each  stage  of  n  ca.scadc  of  w 
si ngle- tuned  stages  so  that  the  desired  amplitude  (or  phase)  response  is  ob¬ 
tained.  The  derivation  cannot  Iw  included  here  (Reference  51)  but  the  re¬ 
sults  arc  easily  t)resented  and  readily  used. 

24*8.1  Maximally  Flat  Amplltuilo  Rraponoe 

We  shall  follow  Walltnan’s  convention  of  distinguishing  three  cases,  de¬ 
pending  upon  the  relationship  of  bandwidth  to  center  frequency.  The  ftr.st 
ca.u'  Is  narrow-band t  where  the  bandwidth  is  less  than  5  percent  of  the  centcT 
frequency  At  the  other  extreme  !»  the  wideband  case,  where  the  bamlwidth 
Is  30  percent  or  more  of  center  fre(|uency.  In  l)etwecn  Is  what  Wallman  calls 
the  H.Hyinptotic  or  inttrmrdlatr  case 

Tables  24-V,  24-VI,  and  24- VI I  and  Figures  24-66  and  24-67  use  values 
from  V'ulley  and  Wallman.  The  tables  arc  given  only  thiough  the  staggered 
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quadruple,  although  obviously  they  could  be  extended  ns  far  as  desired. 
Practically,  however,  the  pair  and  triples  arc  the  most  widely  used.  HiKher 
orders  require  staKes  with  high  (),  sometimes  higher  than  can  be  obtained  in 
the  presence  of  loading  due  to  tube  input  conductance.  Also,  the  tune-up  pro¬ 
cedure  Is  lengthened,  since  additional  signal  generator  frequencies  must  be 
used.  More  about  this  later. 

TAliLK  24- V 

NARROW-HAND  STAGGKR  TUNING  (MAXIMALLY  FLAT) 
(B//o  <  0.05) 

1.  Staggered  Pair  («  =r:  2) 

Two  stages,  tuned  to  /,»  ±  0,55fl,  each  having  a  bandwidth  0.707/f 

2.  Staggered  Triple  (n  =  3) 

One  stage  tuned  to  /o,  with  bandwidth  H 

I’wo  stages  tuned  to  j\  ±  OAMi^  with  bandwidth  O.SO/f 

3.  Staggered  Quadruple  (n  4) 

'I’wo  stages  tuned  to  In  ±  0.46/1,  with  bandwidth  0.38/f 
Two  stages  tuned  to/.,  ±  O.I9/f,  with  bandwidth  Q.92Ii 
(Note:  /„  is  the  center  frequency  of  the  over-all  amplifier,  and  is  the  over¬ 
all  3-db  bandwidth.) 


I. 


TABLK  24-VI 

WIDKBANI)  STAGGKR  TUNING  (MAXIMALLY  FLAT) 
Staggered  I'air  («  =:  2) 

Two  stages  tunerl  to  /„a  and  /„/3(,  having  the  same 


2. 


QJ  ~ - 

4  +  8“ 


2 

-  \7i6  -f  s‘ 


Staggered  Triple  («  rr  3) 

One  stage  tuned  to  /„  with  bandwidth  /I 
'Two  slage.H  tuned  to  /„ a  and  /u/a,  same  Q: 


4  -t  -  v/l6  +■  43'''  H- 

*  1  .j 

*  a  {y^ 


(Nine:  /„  is  the  center  frequency  (geometric  center)  of  the  over-all  amplifier. 
i<  is  tile  over-all  3-dl)  bandwMih  and  8  _  /f  /„.) 


24-56 


KIJCCTRONIC  COUNTERMKASURKS 


TAHLK  24.VII 

INTERMEDIATE  BANDWIDTH  (MAXIMALLY  FLAT) 
a  =  II  fu  tt-  0.05  to  oj 

1.  StuKKcred  Pair  {n  zz  2) 

Two  MtaKcs  tuned  to  /»,»  and  /«/«;  jtamc  (); 

Q  z=  1.414/a  a  ==  1  4-  0.35a 

2.  Stn^gered  Triple  («  3) 

One  .HtHKC  tuned  to  /o  with  l)Aiuhvidth  li 

Two  »laKe.i  tuned  to  /(»«  and  /o/ai  same  Q: 

V  =  .LO/a  (4  =::  M-  0.433a 

3.  Stiiftaeied  Quadruple  (n  =  4) 

1*wo  HtHKCji  tuned  to  /uai  and  /n/o'i ;  Murnc  Q, : 

Q,  =  2.63/a  a,  ==  I  -f  0.46a 

Two  Hta«c5  tuned  to  /»»„  and  /u/a^;  aame 
C>j  =  1. 088/a  aj  =r  I  4-  0.198 

(Note:  /n  In  the  center  f ‘e<juenry  of  the  over-ul!  amplifier^  and  B  In  the  over¬ 
all  3-db  bandwidth.) 

'rhe  data  In  the  table  (irovide  the  nceennary  dcsi^^n  data,  and  that  would 
l)e  the  end  of  the  story  If  electrical  componentn  always  had  the  i)roi>er  value 
of  renintance,  capacitance,  etc.  Such  l.n  not  the  case,  of  course,  and  particularly 
in  wideband  amplifiern  where  the  principal  capacitance  In  that  due  to  the 
tube.  There  In  substantial  variation  from  one  tube  to  the  next,  and  hence 
each  ntuae  In  usually  made  tunable  over  a  .sufficient  range  to  allow  fur  this. 
'I'he  inductance  is  rendily  tuned  by  means  of  a  brass  or  pov/dered  Iron 
“slug”,  or  core,  moved  into  and  out  of  the  coil. 

The  tuning  procedure  is  simplicity  il.self.  A  signal  generator  Is  connected 
to  the  injiut  of  the  amjdiAer,  and  a  vacuum-tube  voltmeter  to  the  output. 
If  the  amplifier  is,  .say,  a  triple,  with  stages  1,  2  and  3,  to  be  tuned  to  fre- 
cjuencles/j,  /a  and  according  to  Table  24•V^  then  the  signal  generator  is  first 
.set  to  /i,  ami  Stage  I  tuned  for  a  maximum  voltmeter  reading.  Next,  Stage 
2  is  adjusted  with  the  signal  generator  set  at  /y.  Finally,  Stage  3  Is  adjusted 
at  fre(|uency  /n.  'I’he  order  of  adjusting  the  stages  is  completely  unimportant. 

Also,  except  for  certain  .second-order  effects,  it  Ls  Immaterial  in  which  order 
the  Htii^es  are  ccainecteil. 

1'l:e  formulas  of  'I  able  24 -\'!  are  cumber.soiisc  to  u.se,  an<!  hence  should  be 
avoided  unless  »he  bandwidth  is  really  large.  An  fNtvrmnliait'  regliin  of  B/7(i 
can  be  defined,  In  which  the  calculation  can  l)c  simplified,  and  yet  retaining 
an  accuracy  of  less  than  I  percent  If  /r/n  is  Ic.ss  tlian  0..L  the  values  * 
and  In  Table  24- VI  apjiroach  very  closely  an  asymptotic  limit;  this  is  indeed 
called  the  "asymptotic  case  ‘  by  Widlman.  I'^or  example,  in  the  slaggered 
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pair^  a  approaches  1  +  0.355  and  Q  approaches  1.4145.  Thc.so  formulas  for 
the  IntermediaU  case  are  given  below  In  Tabic  24-VII.  It  will  be  noted  from  a 
coDiparison  of  the  narrow-band  and  intermediate  casea»  Tables  24- V  and  24-VIl 
respectively,  that  the  tuning  of  the  low  stages  Is  the  same,  but  not  the  high 
stages.  In  the  narrow-band  case  the  bandwidths  of  corresponding  high  and 
low  stages  are  the  .same,  whereas  in  the  asymptotic  case  the  ()’s  are  the  same. 
The  differences,  though,  arc  quite  small. 

24.8.2  Equul-RIppli!  Amplitude  Response 

To  obtain  the  equal-ripple  re.sponse  in  the  narrow-band  ca.se,  it  is  only 
neceasify  to  multiply  the  bandwidth  of  each  .stage  by  the  factor  tanh  o, 

where 

a  =  (!/«)  cosh  *  (X/'Jt)  (24-83) 

For  ihe  wideband  and  intermediate  cases,  the  cqual-ripple  response  can  be 
obtained  from  the  formulas  found  in  Table  24- VI 11. 


TAHLK  24-VIII 

WIDEBAND  STAGGER  TUNING  (EQUAL  RIPPLE) 
Ripple  factor  tanh  a  as  in  Eq  (24-83)  and  Figure  24*63. 

^  Desired  over-all  3-db  bandwidth 
““  Desired  ccntcTTrequency 

Staggered  Pair  (n  =  2) 

Two  stages  tuned  to  /i,a  and  /»/«,  having  same  (?; 

2  _ 

1 

Q‘ 


Q'*  =  -■ 


4  4- 

(-  iy ' 

/{»=  |-^i  I 


4)“  +  8«'-' 


tanh 


Staggered  Triple  («  -”  3) 

One  stage  tuned  to  /„  with  ()  =.  1/(5  tanh  ft) 
Two  stages  tuned  to  /♦,»  and  /n/  a,  .same  (): 


4  -I- 


(«-  ly 


v/(/^"  4)^  -p  125^' 

I 


= 


5'^ 

4 


(3  i  tnnh'*^  a) 
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Note  that  the  formulae  of  Table  24-Vin  reduce  to  those  of  24-VI  (max¬ 
imally  flat)  when  the  ripple  is  reduced  to  zero^  making  Unh  a  =  1.  Thus 
24-Vin  includes  not  only  equal  ripple,  but  also  maximally  flat  os  a  special 
case.  Thus  the  gain-bandwidth  factor  diminishes  as  the  number  of  stages 
increases. 

24.8.3  (^asrades  of  n-uples 

A  stagger-tuned  cascade  of  n  stages  is  culled  an  a  uple,  e.g.,  a  quadruple 
for  n  =  4,  but  un  n-uple  where  n  is  urbitiury. 

Now,  an  «-uple  can  be  designed  according  to  the  principles  which  have 
been  set  forth  in  the  preceding  pages  for  as  many  stages  as  desired.  For 
practicAl  reusonn.  however,  the  order  n  of  the  ff-uples  usually  Is  n(jt  higher 
than  three  or  four  (occasionally  as  high  ns  six).  Hence,  if  more  than  three 
or  four  stages  arc  required  to  obtain  the  required  over-all  gain,  It  Is  cus¬ 
tomary  to  cascade  several  triples  (or  quadruples).  It  turns  out,  of  course,  that 
when  identical  triples  are  cascaded,  the  bandwidth  shrinks  in  a  manner  like 
tha;  of  cascaded  single-tuned  singes  as  given  In  Kq  (24-68),  except  that  the 
pro|)er  relationship  now  Is: 

Bandwidth  of  m  staggered  w-uples  _  _  i  a«  (24-84; 

Bandwidth  of  1  staggered  «-upIe  ^ 

Implicit  in  this  equation  is  the  fuel  that  the  hlf^her  the  order  n  the  slower 
v^ill  be  the  bandwidth  shrinkage  us  «-uplrs  are  connected  in  cascade. 

24.8.4  Galn-HaiMlwIdsh  Factor 

This  useful  figure  of  merit  was  defined  in  Section  24.6  and  provides  a 
means  of  comparing  the  amount  of  galndiandwidth  reuli/able  from  tubes 
having  the  .name  jc,,, /(  when  used  with  various  interstages. 

For  one  single- tuned  stage,  the  gain-band  width  factor  was  .shown  to  be,  by 
definition,  equal  to  unity. 

For  a  cascade  of  n  identical  single-tuned  stages,  the  galn-bandwldih  factor  Is: 

\/2*'«  -  1  r24-8.S) 

In  marked  contrast  to  this,  the  gain-iiandwidih  factor  of  tt  single-tuned 
stages  unanged  in  a  staggered  »-uple  (maximally  flat)  Is  always  1.00,  re¬ 
gardless  of  n,  'Phus.  stages  can  be  added  indefinitely  whhmil  loss  of  gidn- 
Imiuiwidih  factor. 

\\  lien  it  becomes  necessary  to  cascade  staggered  «-uples,  the  galn-band- 
wiilih  factor  is  given  iiy  F(|  (24-84). 

'fhe  numerical  values  which  result  from  these  fnriiuila.s  are  both  id  iiiteiesl 
and  of  practical  importaiue.  'ralile  24- IX  shows  the  gain-bandwidth  factors 
oluained  with  I  tubes,  from  one  to  nine,  used  in  varuais  combinations. 
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TAULK  24.IX 

GAIN-BANDWIDTH  FACTORS 


No,  of 

Ca.scadcd  h-i 

Tubes 

Identical 

/ 

htages 

m  Pairs 

tH  Trlnlc.s 

(=  w«) 

^21'w-T 

It 

1 

1.00 

2 

0.64 

1.00 

(w=l) 

3 

0.  j  1 

i  AA 

1  .w 

(m=l) 

4 

0.44 

0.80 

(m  =  2) 

5 

0.39 

6 

0,35 

0.71 

0.86 

i! 

(m  =  2) 

7 

0.32 

8 

0.30 

0.66 

(w=4) 

9 

0.28 

0.80 

m  Qv  drupieai 


1.00 

(mzrA) 


0.00 


(w=:3) 


To  UHf  the  table,  refer  back  to  Kq  (24-60)  where  the  gain-bar.dwidlh 
factor  wii.H  deAned.  A*  an  example,  xuppoxe  one  wishejt  lt»  compare  nine  tubes 
u.scd  a.1  identical  slaKcs  or  as  three  stugaered  triples.  The  ratio  of  ovor-idi 
bandwidth  obtainable  for  the  same  over-all  gain  is: 


O.KO 

0.2H 


2.86 


On  the  other  hand,  the  ratio  of  gain  obtainable  for  Ihv?  .same  ovcr-ull  band¬ 
width  i.s: 


OM 

0.28 


**=  1.3  X  I0< 


C'oinpanson  id  the  giihis  for  equal  bandwidths  emphasi/e.s  the  fact  that  an 
ampllAer  made  up  of  a  large  number  of  Identical  .stages  Is  indtTd  an  In- 
eftu'lent  device.  1'he  contrast  for  the  case  of  ecpial  gain  is  not  so  startling 
hut  the  same  phenomenon  Is  at  work. 


Pmetieiil  DeHlgis  hiformutSon 

'riu*  attempt  In  this  chapter  has  been  to  provide  the  underlying  theory  and 
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.Home  physical  intuition  In  the  matter  of  how  staK^er  tuning  works  Active 
workers  in  a  field  such  as  this  inevitably  produce  helpful  graphs^  tables,  nomo¬ 
grams,  and  the  like,  to  shorten  the  time  required  for  numerical  designs 
(References  52,  55,  »nd  54),  The  basic  work  of  Wallman  h  usually  quite 
adequate  for  the  maximally  flat  case,  in  particular,  Chapters  4  and  8  in 
Reference  2  contain  many  practical  details.  For  the  equal-ripple  case,  the 
papers  by  Baum  and  by  Wittenberg  may  prove  useful  (References  46  and 
52). 

24.H.6  Design  Example 

It  is  instructive  to  carry  through  an  example,  cspeciaily  to  show  how  cer¬ 
tain  graphical  aids  can  be  devised  and  put  to  use. 

Suppose  that  in  a  given  system  there  Is  needed  a  bandpass  amplit'ier  to 
ptovide  a  gain  (voltage  ampliHcatiun)  of  60  db  with  a  bandwidth  of  7  me. 
The  center  frequency  Is  of  no  cun.scquence  In  the  initial  phases  of  the  design 
pr(Kcdure,  and  in  fact  Is  needed  only  when  one  comes  to  calculate  the  inter¬ 
stage  inductances.  System  considerations,  such  as  reducing  the  number  of 
tube  types,  limit  the  available  tubes  to  the  6AK5,  6CB6  and  6 AH 6.  Mcasure- 
nientc  on  the  wiring  situation  in  which  the  tube.s  will  be  mounted  show  that 
a  total  interstage  wiring  capacitance  oi  5/i/if  can  be  expected. 

The  design  quc3tion.s  which  we  shall  answer  here  »irc;  (a)  Which  lube 
.should  be  used?  (b)  Which  combination  of  single- tuned  stages  will  meet  the 
gain-bandwidth  requirements?  (c)  Which  will  require  the  fewest  tubes?  (d) 
Which  will  give  the  best  selectivity  ratio? 

(a)  Choice  of  lube: 

Shown  in  Figure  24-68  is  a  plot  of  Eq  (24-60)  for  several  currently  asid 
tul)e.^  indu  .g  the  three  allowable  types  fur  the  example  at  hand.  The 
points  on  the  graph  do  not  include  wiring  capacitance,  however,  so  each  of 
our  three  must  be  translated  upwards  by  5/i/if,  Because  of  the  logarithmic 
capacitance  scale,  the  6AH6  is  displaced  the  least,  hence  ends  up  ns  the  best 
lube  choice.  The  guln-bandwidih  for  the  6AH6  with  this  wiring  capacitance 
is  84  me. 

(b)  ('hoice  of  stagger  combinations* 

'rhe  gain-bandwidth  performance  can  be  displayed  conveniently  in  the 
graphical  presentation  devise<I  by  Wlghtman  (Reference  54),  which  is  repre¬ 
sented  here  as  Figure  24*69.  'I‘he  “normaliiied  banclwidth*'  is  obtained  by 
taking  the  actual  over-Jill  bandwidth  retpiired  of  the  am))lirier  (7  me  in  our 
example)  and  dividing  it  by  the  2p(‘  of  the  IuIm*  (84  me).  Thus,  for  the 
example  at  hand,  the  normali/ed  bandwidth  is  7/84  or  about  0.08.L  I.ooking 
at  iMgure  24-69  it  will  l)e  seen  that  all  curves  which  cross  the  veitical  line 
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Fiouaie  24-69 

through  O  OtHJ  Hi  u  lovrl  t)f  60  db  or  ^renter  will  meet  the  requirements.  The 
lowest  of  these  ttre; 

1  X  ^  (<me  stnjtKercd  triple;  3  tubes) 

2  X  ^  (two  MnxA^'fcd  pairs;  4  tubes) 

I  :<  4  {*)nu  «-<*^:tfred  quadruple;  4  tubes) 

(c)  Fewest  iMbrsi 

It  Is  evident  that  ire  ijO^ered  triple  requires  the  fewest  tubes.  This  may 
not  be  the  pmctlt.tl  answer,  iiowevcr.  System  requlrcment.i  may  favor  the 
belter  selectivity  mtlo  id  the  2  X  2  or  1  X  4  in  spite  of  the  extra  tube  (see 
below).  Also  practical  considerations  of  variability  of  tuln*  characteristics 
may  call  for  a  margin  of  safety,  thus  favoring  the  other  combinations. 

(d)  Selectivity  Ratio: 

The  selectivity  ratio  for  a  cascade  of  Identical  stager,  has  already  been 
given  in  Kq  (24-73),  and  for  the  maximally  Hut  function  corresponding  to  a 
single  «-uplc  In  Kq  (24-77).  For  a  cascade  of  m  Identical  «-uples,  the  select¬ 
ivity  ratio  Is: 

Selectivity  Ratio  =  < 'JJ,  .  f24-K6) 

>  \/4  ~  1 

It  is  instructive  to  display  this  relationship  graphicidly  as  in  Figure  24-70, 
which  |;rrn‘iits  one  to  see  (juickly  the  relative  merits  of  variou.'^  C(»ml)l  nut  ions. 

For  the  example  at  hand,  the  selectivity  ratios  for  the  three  alternatives 
are: 
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m  X  » 

Selectivity  ratio 

i  X  3 

8.4 

2  X  2 

5.7 

1  X  4 

4.9 

Syjitem  requirements  will  Hhvc  to  govern  the  choice  here.  It  would  Appear  that 
in  ^uing  to  lOur  tubes,  one  might  as  weii  us%  the  1  X  4  eombinittiun  And 
achieve  the  better  selectivity  ratio  and  higher  gain.  Herr  ng«tln,  however,  the 
system  situation  might  favor  the  2X2,  since  It  has  only  two  different  inter¬ 
stage  types  to  manufacture  and  align. 


I  >  >  4  t  *  ^  I  9  to 


Kmesr.  24  <70 

21.9  The  Doulile-Tuned  Inleratagei  A  Four-TermlnMi  NHwork 

An  alternative  meunH  of  realising  ampliAer  gain  functions,  In  contrast  to 
the  slngle-tune<l  interstage  network  employed  thus  fa«*,  will  be  presented  In 
this  section. 

Nothing  will  be  added  to  the  approximation  problem.  Maximally  lint  and 
eipiabripple  re.sponses  ate  .still  ttur  most  useful  approximations  to  constant 
gain  In  the  passbund.  We  know  what  sort  of  complex  gain  functions  will 
produce  these  tesponses;  i.e.,  poles  on  a  circle  or  on  an  ellipse,  respectively, 
rhe  task  then  is  to  And  what  sort  of  pole-zero  arningenteni  comes  out  oi 
tiu  double-tuned  circuit,  and  how  the  pole  co-ordinates  are  related  to  titr 
circuit  parameters. 

'I'he  double-tuned  circuit,  sometline.s  called  transformer  coupling,  (s  a 
higical  extension  from  the  .single-tuned  circuit.  It  represents  the  general 
process  of  adding  more  cin  nil  cennplexity  in  exchange  for  Itnproved  perfor- 
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mtncc.  The  improvement  ii  of  two  kinds:  a  better  gain-bandwidth  factor 
and  a  better  selectivity  (better  in  that  one  stage  provides  a  two-pole  re¬ 
sponse,  instead  of  a  one-pole  as  with  the  singte-tuned  stage). 


There  arc  several  equivalent  forms  of  the  double-tuned  circuit,  illustrated 
in  Figure  24-71,  the  n:^st  common  l)eing  the  inductive  coupling  an^*  the  pi 
equivalent. 


■  ,t,uikaltr<t  ii’  Auti 


Fiot'KK  24-?  I 

Initially  we  shall  confine  the  discussion  to  the  inductively  coupled  arrange¬ 
ment,  s|)ecined  by  the  primary  inductance  /-i,  the  secondary  inductance  /-j, 
and  a  coupling  coefficient  defined  In  the  conventional  way  as: 

k  =  M/\ILxL,  (24-87) 

where  M  is  *he  mutual  Inductance  lielwren  th**  two  colls  and 
We  can  furiiu-r  define  a  iirlmary  resonan  fretpicncy  mx  and  a  primary 
and  likewise  for  the  secondary; 

-I  ^  l/v'/'ICT  us  t  (24-88) 

C*i  “  Qj  =  (24-fiy) 

'Fhere  are  several  cases  of  practical  Importance,  which  we  subdlvhled  first 
into  the  narrow-band  and  wideluind  situations.  Let  us  ciinsUler  the  narrow- 
band  case  first,  lor  which  A*  I 

Next  We  cemsider  two  cases:  (I)  e()ual  (L  i.e.,  Oj  -rr  ()y,  and  (2)  one 
infinite;  e.g.,  (b  in  co , 

Moxiinuliy  h'lat  Amphtudv  Hv^ponsv  Equal 

'Hu  relilt  ionships  in  (24-QO)  or  (24*01 )  are  definitive  for  maximal  Hat  ness, 
and  the  ones  iisuaiiy  found  in  the  haiultuHiks  for  the  proper  adjustment  of  a 
double* timed  circuit.  'Phe  coupling  coefficient  A.  so  defined,  Is  sometimes 
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known  bi  traniltional  cr  critical  cuuplIcK,  since  it  is  the  cross-over  value 
between  u  slnule-peakcd  and  a  doubie-pcukcd  amplitude  response. 

■  IB.  IB 

*="72 

where  Br  i»  In  radianji  »ecun(t  and  B  is  in  cycles  ]}er  second. 

Critical  coupling,  =s  (24-91) 

VOiOj 


Equal-Ripple  Response 

The  equal-ripple  res]K)nsc  could  be  <4iniilurly  realized  by  Increasing  the  Q 
by  mulll|)lylnK  Q  by  l/(tanh  a)  . 


Gain  Bandwidth  Factor 

Now  that  it  has  been  shown  that  a  desired  amplitude  response  can  be 
realized,  what  about  the  ftain-bandwidth  factor?  If  one  takes  the  value  of  k 
dcAncd  by  (24-90)  and  uses  It  to  solve  for  the  Kain  at  band  center  and 
multiplirs  thi.H  by  the  bandwidth  B  (cps),  the  followinK  oblains; 


\A(M\B^ 


_ _ 

2ir(27cTc7 


V2 


(24-92) 


This  is  the  ftain-bandwldth  product,  and  It  contains  a  term  dc)>endent  only 
upon  the  tube;  namely  2w (2 \fC\C>j),  This  (|ijanlity  corresponde  to 
ftM/2n{C\  d-  Ta)  which  was  the  Kuin-bandwldth  priwluct  of  the  fllnKlc-tuncd 
stajte,  and  is  very  closely  the  same  unless  Ti  is  very  different  from  Ca  (the 
difference  Is  6  percent  for  a  2:1  ratio),  The  new  form  of  this  factor  Is  Indeed 
the  aaln>bandwi{ith  product  for  the  sinjtle-tuned  circuit  if  an  Ideal  trans¬ 
former  is  Included.  The  important  fact  Is  that  the  double-tuned  circuit,  with 
ecjual  primary  and  secondary  Is  better  I  y  tind  hence  the  niiln- band¬ 
width  factor  of  the  circuit  is  \/2. 


(htcqual  ()*i 

'I’he  next  case  of  Interest  Is  that  In  which  one  of  the  (>*s  Is  Infinite.  This 
comlltion  can  t>nly  lie  approximated  In  practice,  since  the  primary  Is  always 
loaded  by  the  (ilate  resistance  of  one  tube,  and  the  secondary  by  the  input 
condiictance  of  the  other,  lioth  primary  and  .secondary  have  Inevitalde  circuit 
losses.  Nevertheless,  in  wideband  applications  the  recpilred  Q  Is  so  low  that, 
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In  contrast,  the  minimum  ()  of  either  primary  or  secondary  (primary  in 
particular,  at  high  frequencies)  will  be  oo  large  in  proportion  that  the  results 
predicted  by  assuming  this  ()  to  be  infinite  arc  approximated  quite  closely. 

The  gain-bandwidth  factor  for  this  case  can  be  found  in  the  same  way  as 
for  the  equal  (>  case.  The  result  is  that  the  gain-bandwidth  factor  when  one 
Q  is  Infinite  is  2.0,  instead  of  VT for  equal  (?’s. 


Cascading  oj  Stages 

When  maximally  fiat  duuble-tuned  stages  are  used  in  cascade,  the  band¬ 
width  narrows.  The  narDwing  factor  is  the  same  for  any  two-pole  stages, 
and  hence  must  be  the  same  as  for  staggered  pairs,  namely  the  factor  ob¬ 
tained  from  Eq  (24-84)  for «  =  2: 


liandwidth  of  m  stages  _  y-,  ^ 
Handwidth  of  I  stage  ^ 


( 24-93  > 


The  gain-bandwidth  factor  fur  m  stages  is  the  value  of  (24-93)  multiplied  by 
cither  \J2  or  2,  depending  on  whether  zr.  Qj  or  (>i  =  co, 

Stagger  Damping 

The  term  stagger  damping"  was  coined,  apparently  by  Wallman,  to 
describe  u  form  of  stagger  tuning  using  double-tuned  circuits.  Only  the 
narrow-band  situation  is  permit  led.  The  technique  permits  I  he  synthesis  of, 
fur  example,  u  four-po!r  maximally  flat  response  with  two  double-tuned 
stages  In  cascade.  The  stages  are  not  identical,  hut  are  "staggered”,  except 
that  both  stages  are  tuned  to  the  same  center  frequency  and  it  is  the  or 
damping,  that  differs  between  the  two  stages. 

The  basic  principle  of  stagger  damping  can  be 
demonstrated  readily  by  means  of  Figure  24-72. 
The  first  stage  will  yield  a  single- peaked  response 
anti  the  second  a  double-peaket!  response.  The 
two  combine  to  give  a  maximally  Hat  over-all 
respon.se. 

Moth  stages  have  the  same  center  fre(juency 
/».  which  Is  the  desired  center  frequency  of  the 
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Q  design, 

the  k 

find  an 

‘  as  follows: 

Stage  1 

k 

= 

cos  (tr  '8) 

V 

=  I  |(/< 

/n)  sin  (»r  H) 

Stage  2 

k 

=  l„) 

cos  (3»r/8) 

=  1  l(/< 

/n)  sin  {n  8) 

(24-04) 
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For  unequal  aptciHcally  for  =  oo,  both  stages  have  the  same  coup¬ 
ling  coefndent  k  =  B/f^,  The  values  of  ()  arc  as  follows: 

Stage  1  08  =  \/[2(B/U)  sin  (w/S)] 

Stage  2  Q,  =  \/{2{B/U)  sin  (3ir/8)| 

The  technique  Is  obviously  not  limited  to  the  four-pole  case.  Any  even 
number  of  poles  can  be  used,  each  pair  corresponding  to  one  double-tuned 
stage.  The  practical  limits  arc  excessive  Q'$  and  extreme  precision  of  adjust¬ 
ment  for  the  higher  order  cases. 

The  Wideband  Ca^e 

In  the  wideband  case  the  center  frequencies  of  the  stages  are  necessarily 
nonidenticul,  thus  Introducing  additional  complexity.  Thc»  rewards  are  sub¬ 
stantial,  however,  in  gain-bandwidth  performance  compared  to  stagger  tuning 
with  single-tuned  circuits  (Reference  55).  For  example,  a  staggered  pair  will 
give  12  (lb  mure  gain  for  the  same  bandwidth  than  will  a  pair  of  staggered 
single-tuned  stages.  A  triple  will  give  18  db  more. 

A  res|M)n.He  curve  obtained  with  a  staggered  pair  is  shown  in  Figure  24-73. 


Kiovsr.  24-73 


Notice  that  the  curve  has  approximate  arithmetic  symmetry,  rather  than 
geometric,  relative  to  the  criiler  frecpiency  {20mc,)  In  contrast,  a  staggered 
pair  t)f  single- 1  lined  slaves  would  produce  geometric  symmetry,  l.e.,  a 
sleeper  fall  off  on  the  low-(re(|uency  side. 

/\if  Hilt 'Hip  pie  Response 

ll  is  also  ptissihle  to  provlile  an  ecjual-rlpple  lesponse  with  double-tuned 
circuits.  For  a  single  stage  and  for  band  widths  which  are  not  excessively 
large,  the  ilata  puldisheil  by  Dlshal  (Reference  36)  can  conveniently  be 
used.  For  extremely  wide  bands,  and  for  stagger  tuned  .stages,  it  is  theoretic- 
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possible  to  provide  exact  equaKrlppIe  responre  (Reference  49),  but 
V  ble  des'qn  data  are  not  yet  available. 

The  Cfl^ar/^apfce-r oupled  Circuit 

The  discussion  up  to  now  has  been  confined  to  the  situation  where  ih^ 
primary  and  secondary  circuits  were  inductively  coupled  together,  either  with 
mutual  inductance  or  with  the  pi  or  T  equivalent  (Figure  24-71).  There  is 
an  alternative  case,  which  Is  of  both  theoretical  and  practical  interest.  This 
case  is  called  capacitive  (or  capacitance)  coupling,  and  is  illu.strnted  in 
Figure  24-74.  There  i.s  no  coupling  from  primary  to  secondary  except 
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through  the  capacitance  Cm.  A  coupling  coefficient  can  be  defined  fur  (he 
network,  analogous  to  the  Inductively  coupled, circuit: 

k  =  (24-96) 

yCiCji 

In  u  narrow-band  situation,  i.e.,  small  H  /o,  capacitance  c(Hipl!ng  and  in¬ 
ductive  coupling  are  about  equally  useful.  As  the  bandwidth  Increases,  how¬ 
ever,  certain  disadvantages  ap{)ear  for  the  capacitive  case.  I'he  shape  of  the 
amplitude  rcs|H)nsc  curve  Is  highly  unsymmetrlcal,  dropping  off  quite 
sharply  on  the  low- frequency  side  as  depicted  in  Figure  24-75.  This  illssym- 


nuUry  is  substantially  greater  than  w'ith  the  .single- tuned  circuit,  where  as 
described  earlier  there  is  exact  geometric  .symmetry. 

Moreover,  the  guin-bandwidth  factor  of  the  capacitance-couided  circuit 
is  highly  unfavc^rable  in  widettand  situations.  For  coinparisttit  wdth  the  in- 


24^68 


KLFXTRONIC  COUNTERMEASURES 


duclivciy  coupled  cu.^c,  there  is  plotted  In  Figure  24<76  the  curves  of  gain* 
bandwidth  factor  for  ()|  =:  oo. 

The  Autotran:jormcr 

Another  form  of  double-tuned  interstage,  which  is  really  a  special  case  of 
inductive  coupling,  is  the  autotransformer  shown  In  Figure  24-71  (c).  While 
this  scheme  is  well  known  at  60  cps,  it  has  not  received  wide  employment 
at  radio  frequencies.  It  nevertheless  is  quite  applicable,  and  the  design  can 
be  straightforward  (Reference  56).  It  has  particular  advantage  in  wideband 
double-tuned  ampliHer  stages  with  large  bandwidth  and  large  ratio  of  C\  to 
C'ui  in  fact,  it  turns  out  conveniently  that  the  autotransformer  is  physically 
realisable  In  those  regions  of  operating  conditions  where  the  pi  equivalent  is 
not  (because  of  one  or  more  negative  elements)  as  seen  In  Reference  55. 

Selectivity  Ratio 

The  selectivity  ratio  of  one  maximally  Hat,  double-tuned  ^tage  is  the  same 
ns  that  of  the  maximally  flat  staggered  pair.  Similarly,  the  seHctivity  ratio 
of  cascades  of  identical  stages  is  the  same  as  for  cascades  of  pairs.  Hence, 
both  Kq  (24-86)  and  Figure  24-70  apply,  provided  one  takes  values  only 
for  «  =  2. 

Stagger  damping  or  stagger  tuning  in  the  wideband  case  can  also  be 
studied  from  Figure  24-70.  For  a  maximally  flat  pair  of  double-tuned  stages 
take  M  4;  for  a  maximally  flat  triple,  take  n  :=  6,  etc. 

24.10  Low  NoIim^  Traveling-Wave  Tiilrea 

l‘he  helix  type  I  raveling- wave  tube,  which  Is  described  In  more  detail 
in  ('hapter  26,  is  valuable  in  ferret  and  ECM  applications,  because  It 
is  able  to  amplify  over  extremely  witle  frequency  bands.  It  is  convenient 
and  cu.'itomary  to  cover  octave  bandwidths  u{i  to  eight  kmc.  At  higher 
freijurncles  !t  is  ptissibk*  to  c(»ver  still  greater  absolute  bandwidths,  but  in 
ratios  progressively  decreasing  from  an  octave.  'Fhus  eight  to  twelve  and 
twelve  to  eighteen  kmc  are  typical. 

In  most  situatiiuis  it  is  Important  that  the  waveform  of  the  received  .signal 
be  accurately  reprotiuced.  Therefore  phase  ami  amplitude  (>istt)rtion  are  un- 
tleslrai)!e,  Moretiver,  If  stime  ('r  all  i)f  the  signals  are  weak,  it  is  neces.sary 
that  the  first  amplifier  have  a  low  fwisv  /k'l/rc.  Otherwise,  the  signal  will  be 
i»bsi  ured  by  random  dlslurbaiues  calbvl  noise, 

In  traveling-wave  tulies  the  principal  s*uirce  of  noise  is  ramlomness  In  the 
basil  electron  stream,  which  produce.s  amplification  by  interacting  with  the 
elect r«nnag net k  fields  within  the  helix.  Accordingly,  the  tuln*  becomes  prt)- 
gressively  “(luieter"  as  this  source  of  noise  Is  suppressed  to  a  negligible  value 
by  making  the  electron  flow  more  smooth  and  orderly.  Additional  noise  can 
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be  introduced  by  thermal  aKltatlun  of  clectrunn  within  the  metal  of  the  helix 
iUelf.  However,  this  effect,  which  dcpendji  upon  the  tcm|>erttture  and  nltcnua- 
tlon  constant  of  the  input  portion  of  the  helix,  is  ordinarily  small  and  when 
necessary  cun  be  further  reduced  by  coollna  or  l)y  u<e  of  a  low-loss  material. 

The  principal  constructional  features  of  a  low-noise  travcIln^-wave  tula* 
are  shown  !n  Figure  24-77.  Design  interest  centers  on  the  cathode  and  as- 
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soclated  electrodes  which  make  up  the  electron  gun  that  produces  the  electron 
beam.  Because  the  behavior  of  such  guns  is  extremely  complex,  a  large 
amount  of  work  has  been  requirc<i  to  reduce  noise  levels  to  their  present 
value.  The  lowest  practical  cathode  Icmiwralure  is  yed,  the  geometry  is 
carefully  controlled  so  that  electrons  move  in  smooth  non-crossing  paths,  and 
their  velocity  Is  increased  gradually  by  use  of  about  half  a  doxen  .separate 
ring-shaped  electrodes,  each  at  an  increased  {Kitrntial. 

The  electron  beam  is  prevented  from  spreading  by  a  uniform  magnetic 
Arid  which  Is  accurately  parallel  to  the  axis  of  the  helix  After  pa.ssagc 
through  the  helix  ihe  electrons  are  captured  In  a  small  meta)  cup  or  c(  dice  tor. 
To  avoid  undesirable  gain  variations  and  Increase  of  noise  it  is  linportant  te 
arrange  matter.s  so  that  no  appreciable  number  of  electrons  released  by 
secondary  emission  from  the  collector  are  able  to  traverse  the  helix  in  the 
reverse  <lirccliori.  AIs<j,  it  Is  necessary  to  achieve  and  preserve  a  very  high 
degree  of  vacuum.  Otherwise  the  Ions  formed  by  bombardment  of  the  rc.sidual 
gas  perturb  the  elect rem  beam  and  add  noise  to  the  output  signal  t)y  produc' 
log  rand(»m  modulation  (d  the  phn^tc  and  amplitude. 

'typical  low  noise  traveling- wave  tubes  have  .saturation  power  output  levels 
of  about  one  mlliiwatt,  values  oi  gain  In  the  neighborhood  of  25  db  and  dy¬ 
namic  range  near  50  db. 

Nt)lse  figures  typical  of  contemporary  production-type  traveling- wave  tulies 
are  shown  In  Figure  24*78.  1’hese  values  are  strictly  comparable  with  noise 
figures  typical  of  triodes  and  parametric  amplifiers.  It  must  be  understood 
that  such  a  chart  is  nece.ssarily  genera),  and  lliat  somewhat  lower  as  well  as 
considerably  higher  noise  figure.s  will  lie  met  in  individual  situations, 
Neither  triodes  nor  parametric  amplifiers  aie  capable  of  matching  traveling* 
wave  ttibes  in  liandwiiith,  thougli  the  latter  are  currently  subject  to  very 
rapid  improvement  (References  57  and  58). 
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24«11  Parametric  Amplin«rt 

The  term  parametric  amplifier  is  a  tihoricning  of  amplifier  based  on  /fwr- 
variable  parameters.  Unlike  conventional  ampiifters,  the  power  increase  comes 
from  an  allernatina  rather  than  direct  current  source.  I’arametric  amplifica¬ 
tion  can  be  achieved  in  a  linear  system  in  which  an  inductance  or  capacitance 
is  varied  periodically  by  mechanical  meaf  i.  However,  electronic  devices  are 
capable  of  frequencies  far  hiKher  than  nnythinK  which  can  be  achieved 
niechanlcally.  Therefore,  such  linear  systems  arc  of  relatively  llttie  import¬ 
ance. 

Practical  parametric  ampliners  employ  nonlinear  elements,  in  which  the 
inductance  or  capacitance  presented  to  the  weak  slKnal  Is  {reHodically  varied 
by  a  much  larKer  pump  signal  which  i.s  usually  at  a  substantially  higher 
frequency.  Both  ferromagnetic  and  ferroekctrlc  materials  are  characterized 
by  nonlinear  behavior  such  that  the  incremental  permeability  or  perinitiivlly 
is  .subject  to  wide  variation  during  the  cycle  of  a  sufficiently  strong  (pump) 
.signal.  Also,  the  effective  capacitance  of  a  semiconducting  diode  is  quite 
sensitive  to  the  total  back  bias  up|>lied. 

Perhaps  the  simplest  example  of  parametric  excitation  Is  provider!  by  a 
pendulum  in  which  the  length  is  perio<!ically  varied.  Such  a  .system  results 
if  the  line  tet  a  plumb-bob  is  passed  through  an  lyelet  and  pulled  at  appro¬ 
priate  times.  Referring  to  l-jgure  24-70,  it  Is  e.isy  to  .see  thiit  energy  will  be 
delKered  io  lh(‘  bob  and  that  thi*  amplitude  of  (he  osilllalion  will  teml  to 
liurease  if  the  line  is  pidle<l  during  tliose  intervals  when  the  bob  is  a;)proaih 
ing  the  center  of  its  path  and  Is  leleased  so  that  the  pettdultan  lengthens 
when  the  i'';otion  is  awa>'  from  tenter.  It  is  seen  thiii  the  line  is  pulled  tw'uc 
v\ldle  the  pendulunt  di‘*'trli»es  om*  till)  tyele  of  i>si  illation.  'I’herefore  it  itil* 
lows  that  the  iretjuemy  of  du*  driven  or  generated  osi  illation  j?>  exactly  half 


/ 


# 


CIRCUITS 


24-71 


F tor  Mr.  .'4 *7^.  VHrlHl}lr<li*nKth  pendulum 

that  of  the  (Irivin;^  or  pumpin^^  Mignul.  ThU  two-tu-une  rcIatiun.Hhip  Im  useful 
in  frequency  ilivIderM  but  represents  only  one  special  case  of  parantclrlc 
excitation. 

Hy  analogy  with  the  variable-parameter  |)en(lulum  we  are  led  to  the  correct 
conclusion  that  an  electric  circuit  will  oscillate  if  its  tuning  is  periodically 
changed  by  variation  of  either  the  inductance  or  capacitance.  In  fact,  the 
ordirmry  induction  idternator  Is  an  example  of  this  relationship.  Mere  again, 
the  simplest  situation  Is  a  singly-re.sonant  circuit  in  which  the  value  of  the 
inductance  or  capacitance  varies  at  twice  the  natural  frequency. 

A  more  complicated  but  much  more  uneful  situation  arises  when  the  elec¬ 
tric  circuit  has  two  natural  fretjuencies  itnd  the  pumping  signal  h/u  a  fre- 
({uency  which  Is  the  sum  of  these  two.  Slmultane(Uis  (and  closely  couple<l) 
oscillations  arise  at  the  two  natural  frecjuencies  id  such  a  circuit  provided 
the  los.ses  are  low  enough  In  relation  to  the  power  level  of  the  punijilng  sig¬ 
nal.  Oscillations  ceit.se  but  a  .substantial  negative  resistance  remain.s  at  both 
frei|nencies  if  llu‘  level  of  the  pumping  signal  Is  reduced  sonu'whal  below 
that  whiih  causes  oscillation.  Siuli  negative  resistance  is  the  l)asis  of  most 
practical  paranuurii  amplitters  In  suih  a  doubl> -resonant  sy.stem  a  relatively 
weak  input  signal  at  one  of  the  frequencies  produces  a  considerably  larger 
pjiwer  oulpul  al  either  frecjueiu.v.  I'lterefoie.  the  Iwo  frequency  parameirii 
amplifier  is  also  capable  of  operating  as  a  frequency  changer. 

'The  prini'ipa)  aiKaiUage  oi  parametrii  amplilu ation  that  it  adds  very 
little  noise  to  the  input  signal.  This  desiialde  property  sltmis  from  the  fait 
that  thermal  noisi‘  is  assiKiated  with  tlie  ri'sisii\'e  rather  (han  llie  reailive 
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portion  of  circuit  lm|)c(lancp,  Thtrcforr,  «  purely  reactive  circuit  would  con¬ 
tribute  no  noise  whatever,  regardless  of  Its  tent|)erMture.  This  Ideal  situation 
Is,  of  course,  never  realised  in  practice.  However,  it  Is  approximated  well 
enough  so  that  under  favt)niblc  circumstances  a  parametric  amplifier  oper¬ 
ating  at  ro(;m  temperature  is  capable  of  contributing  no  more  noise  than 
that  clue  to  a  |)ure  resistance  at  80”  K.  That  Is,  In  terms  of  a  source  at  r;M>m 
temperature  the  noise  figure  is  well  below  one  decibel.  More  representative 
values  of  the  noise  figure  to  be  expected  of  a  parametric  ampiincr  are  given 
In  Figure  24-78. 

A  tyi)lcal  microwave  parametric  ampllfcr  uses  u  back-blascd  semiconduct¬ 
ing  diode  In  a  cavity  resonator  system  tuned  to  two  frequencies;  the  Input  or 
signal  frequency,  and  an  auxiliary  or  idler  frequency  which  is  usually  con- 
.sidcrably  higher.  In  addition,  the  system  must  freely  transmit  the  pump 
frequency  which  Is  the  sum  of  the  two. 


Kitii  sr  I'rtraiMflrlt’  «mplllii'r. 

A  .system  having  suitable  characterislies  Is  shown  In  Figure  24-80.  I'he 
Icnglhs  and  impcHljinces  are  such  that  nearly  all  the  power  supplied  at  the 
pump  freqo#*ncy  Is  delivered  to  lh<*  crystal  dltulc  and  that  virtually  none 
leaks  through  to  the  signal  s<»urce.  'I'he  coaxial  structure  al.st)  has  a  low-loss 
resonance  at  the  signal  frecjuency  and  another  m  the  Idler  frecpiency,  The 
Junction  between  the  Input  hjw-pass  filter  and  the  resonant  structure  N 
chosen  so  as  to  provide  a  good  power  transier  to  the  eryslal  vlthoul  seriously 
loading  the  signal' fre(|uency  resonance. 

A  system  of  this  stjri  readily  produces  a  gain  of  about  20  db  with  a  baml- 
widlh  of  2  to  10  me  in  ilie  Irequency  range  200  to  .^000  nu .  'Hie  pump 
delivers  a  power  of  aboiu  ^0  ndlliwaits  at  a  fretiuemy  about  four  thue.s  the 
signal  freqikvmy.  The  saturation  signal  level  is  aiiout  .tO  dbm,  the  dynamii 
range  about  80  dli  and  the  ntiise  figurt*  one  to  fotir  dl). 

'I’lu*  mdse  ligure  tends  to  iinjirove  as  the  pump  fretjueiu)*  Is  hu reaped,  but 
this  tendency  is  offset  by  the  fact  dial  availalile  pum|)  signals  beiotne  noisier 
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and  lew  stable  with  Increaaln*;  frequency.  Therefore,  in  any  given  ailuullon 
there  is  an  optimum  pump  frequency. 

It  is  appropriate  to  clo.ne  this  section  with  a  brief  note  concerning  the  solid- 
state  maser,  which  achieves  much  the  same  result  in  a  quite  different  way.  In 
the  maser  the  awkward  problem  of  controlling  three  natural  frequencies  in  a 
cavity  re.sonator  is  avoided  by  selecting  a  materia)  in  which  appropriate 
resonances  are  inherent  in  the  structure  ot  the  substance  itself.  This  Is  pos- 
slble  because  a  number  of  materials  such  ns  ruby  have  the  pro|>erty  of  para¬ 
magnetic  rwonance,  which  may  be  varied  by  means  of  an  external  magnetic 
field.  In  the  parametric  amplifier  the  {Kiwer  source  is  a  pump  at  the  highest 
frequency,  and  amplification  or  frequency  conversion  may  be  obtained  nt 
cither  of  the  two  lower  frequencies. 

A  g(H)d  general  account  of  parametric  amplifiers  Is  gjvcn  In  Reference  59. 
A  more  detailed  treatment  with  comprehensive  bibliography  apjKrr.s  in 
Reference  60.  and  additional  theory  is  given  in  Reference  61. 


Section  II:  Filtcrg 


24.12  FiUrra 

A  filter  is  a  structure  or  system  which  is  capable  of  selecting  or  discrimin¬ 
ating  between  .signals  having  different  rhuracterintics,  The  term  originated 
in  connection  with  freciuency-setective  filters  consisting  of  combinations  of 
passive  linear  low- loss  reactive  elements.  Low-pr.ss  and  bandpass  filters  are 
familiar  example.^*  of  such  iret/urney  fillers,  'Fhe  wide  u.se  (>f  pulse  circuits  and 
techniques  made  it  clear  that  signals  are  .sometimes  more  readily  identified 
by  their  lime  pattern  than  by  their  frequency  s|>ectrum  and  denmnsi rated 
the  need  for  another  class  of  filters  which  discriminate  between  signals  In 
terms  of  direct  waveform.s,  and  arc  referred  to  a.s  tlmc^domain  or  correlation 
filters, 

Hecause  uniciup  relatlonshliis,  expressible  In  terms  of  Fourier  and  Laplace 
transform.s,  exi.st  between  the  waveform  (time  domain)  and  .spectrum  (fie- 
({uency  ilomain)  specifications  of  a  given  signal,  it  is  clear  that  frequency  and 
correlaiion  filters  are  not  independent,  However,  the  relationships  In  i|iie.‘*ilon 
are  relatively  ct)mplex.  'Fherefore,  in  typical  situations  one  of  these  two  alter¬ 
nate  approaches  to  the  filler  problem  is  far  simpler  and  more  straightforward 
tlian  the  other. 

2  L  12. 1  Freqtieiiey  Filters 

A  freituency  filter  t^rdinarily  consists  o)  a  (ombination  of  tow-loss  inductive 
and  capacitive  elements.  'Flu'  most  general  respon.se  ihuracterlstiis  ami  the 
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FtuifKK  24-Rt.  A  ilmplc  tow-pm#  Alter  (a)  Lattice  rrprcMntntior*.  (6)  Bridge  repre- 

M'ntation. 


mo.Hl  powerful  dcsinn  melhodR  nre  HSMKlated  with  il  *  lattice  or  bridge  Rtruc- 
turc  llluRtraled  In  FiKurc  24-81.  Such  Alters  arc  charactcrUed  by  two  different 
piiir.«<  of  identical  reactive  arms,  a  useful  resistive  load,  and  a  source  which 
I.H  hKso  a  pure  resistance.  Ordinarily,  but  not  always,  the  source  and  load 
resistances  are  etiual.  I'hc  design  ordinarily  ne^ilects  the  energy  losses  which 
result  from  unavoidable  resistance  In  the  reactive  elements,  and  It  is  always 
de.sirable  to  minimise  such  resistive  losses. 

The  lattice  arrangement  is  unattractive  in  practice  for  several  reasons. 
1*he  number  of  elements  requireci  is  large,  neither  load  nor  source  tnay  be 
grounded,  and  it  is  quite  difficult  to  adjust  the  various  eiementa  to  the  pre¬ 
cision  required.  Practical  Alters  are  (►rdiimrily  constructed  In  the  ladder  con¬ 
figuration  shown  In  Figure  24*82.  With  few  exceptions  the  unbalanced  nr* 
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rangement  is  preferred  because  it  permlt.s  a  common  ground  connection  and 
use.H  II  minimum  num'oer  of  eieinent.s.  A  further  advantage  of  this  configura¬ 
tion  Is  that  il  Is  ea.sy  to  nimpound  the  (Kscriinlnation  or  fre(|uency  selectivity 
of  several  different  filter  sections  liy  connecting  them  In  tandem  or  ca.scade  to 
form  a  lomposiir  filtri.  I’lie  proiolypc  and  ///-derived  filters  of  /o1k*1  ami 
.^hea  (Reference  02)  ate  illustrative  of  this  design  technitpie, 

1'he  performance  of  fto(|ueiuy  filters  is  ordinarily  specifu'd  and  measured 
in  terms  of  a  single-freipiency  .sinusoid  wave,  variable  a.s  retpilred.  In  typicid 
situations  it  is  de.sirable  to  transmit  without  alienualion  all  signal.^  having 
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frequencies  within  a  certain  ranKC  called  the  pnssband  and  to  reject  signal!* 
at  all  other  frequencies.  It  is  Important  to  note  that  conventional  niters 
reflect  toward  the  source  all  the  energy  which  is  not  transmitted  to  the  load. 
Therefore,  they  are  charncteriaed  by  large  reflection  coefflclenls  outside  the 
passband.  Inevitably  there  are  certain  frequencies  at  which  partial  transmis* 
sion  occurs,  but  it  is  usually  possible  and  desirable  to  lindt  these  effects  to 
relatively  narrow  transition  or  guard  bands. 

While  filter  requirements  can  b  '''  fled  In  terms  of  words  or  tabulated 
numbers,  it  ia  usually  preferable  to  v  g;'aphical  representation  such  as  that 
shown  in  Figure  24-83.  It  Is  seen  that  no  requirement  exists  in  the  frequency 
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interval  1.00  to  1.25.  In  the  pa.ssi)and  the  loss  must  not  exceed  some  .^mall 
value  such  ns  2  db.  In  the  rejection  band  al>ove  1.25  the  loss  must  e()ual  or 
exceed  the  various  values  Indicated.  Hecause  the  response  of  physical  filters 
is  always  continuous,  the  most  economical  filter  meeting  the  given  s|K*cifica- 
tlons  has  a  characteristic  such  as  that  shown  in  the  heavy  line. 

At  h)W  fre<|uencies  I*  is  possible  and  de.si ruble  to  construct  appropriate 
frequency  selective  filters  of  lumped  Inductive  and  capacitive  elements.  How¬ 
ever,  these  elements  become  unattractive  at  frequencies  above  about  1(»0 
megacycles  because  the  losses  are  excess! v<*,  the  power  handling  capaldlily  is 
inade({uatr,  and  the  stability  is  pottr. 

At  fre(|uencles  ranging  from  about  100  to  1000  megacycles  it  is  possible  to 
ciinstruct  excellent  filters  from  sections  of  coaxial  or  (occasionally  parallel- 
w'lre)  transmission  lines,  Transmission  lines  are  characterlzecl  by  the  fad 
that  their  inductive  and  capacitive  reactances  are  snuHiihly  <llslrli)uted  along 
their  length.  'I’herefn/e  It  is  impossible  tti  design  such  filters  by  the  methods 
deveh>ped  b)r  luinpe<i  elements,  i-'ortunately,  the  restmant  properties  of  (piar- 
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ter-  und  half-wnvc  transmiMiun  line  5ection!i  arc  quite  similar  to  thoae  of  L(' 
lutnpcfl  circuits.  Therefore,  excellent  approximate  desiKns  may  be  had  by 
simple  extensions  of  the  methods  used  to  deslf^n  lumped-circuit  Alters, 

At  frequencies  tj|)war(ls  of  about  1000  me  it  is  necessary  to  abandon  trans¬ 
mission  lines  and  employ  resonant  ciivities,  Such  cavities  are  mechanically 
stable  and  have  extremely  low  intrinsic  losses  and  therefore  pern)ll  the  con¬ 
struction  of  very  selective  filters,  rnfortuimtcly,  such  cavities  arc  capable  of 
resonatiiiK  in  a  variety  of  ways.  Kach  of  these  resonances  Is  IdontiAed  with  a 
particular  frecpiency  and  pattern  of  electric  and  magnetic  Acids  and  Is  re¬ 
fer  rrti  to  as  a  mod(\  To  avoid  the  creation  of  unwanted  (spurious)  pass  or 
rejection  bands  it  Is  necessary  to  make  the  dimensions  of  the  various  cavities 
dissimilar  in  such  u  way  that  their  unwanted  responses  do  not  coincide. 

24.12.2  (!orrc)«t!on  FlllorH 

Correlation  Alters  differ  from  frequency  Alters  In  several  Important  ways. 
They  often  employ  active  elements  such  as  vacuunt  lubes,  the  behavior  Is 
usually  nonlinear,  and  time  delay  networks  arc  I!':ely  to  be  included.  Such 
fillers  are  most  conveniently  specified  in  terms  of  waveforms  In  the  lime  do¬ 
main  and  tend  to  be  more  specialifetl  than  fretiuency  Alters.  The  analysis  and 
design  of  time  domain  Alters  have  received  considerably  le.ss  study  than  has 
been  devoted  to  frequency  filters,  because  the  behavior  of  such  Alters  is 
more  complicated  and  cupalile  of  nuuh  wider  variation  than  frecpiency 
filters,  it  bdlow.4  that  the  .sjuTlAcatlon  of  such  Alters  is  .still  very  Incomplete. 

'I’he  general  features  of  a  correlation  Alter  are  illustrated  by  the  ran^e 
t.or  vvhich  has  been  used  in  many  radar  systenvs,  'I’he  purpose  of  the  ranue 
gate  i.s  to  accept  all  signals  which  He  within  a  speciAed  Interval  of  time  and 
tt)  reject  signals  which  occur  at  other  times.  'I'he  essential  elements  of  such 

a  gate  or  filter  are  shown  In  Figure  24-84,  A 
liasic  lime  reference  Is  e.stabllshed  by  the 
cl(K*k  or  pulse  repetition  fretpiency  genera¬ 
tor.  Signals,  in  this  ca.se  a  (rain  of  uni¬ 
formly  .spaced  short  pulses,  are  produced 
by  the  signal  source,  dhe  returned  signals, 
in  addition  t(»  being  delayed,  are  ordinarily 
I’ll, I  u\  si  Syui-ni  with  riinjii*  greatly  Jillemiated  and  coiisideralily  con- 

laininiilerl  with  ruiise.  'I'hey  are  amplified 
and  converted  to  a  convenient  frecpieiuy  beftjre  delivety  It)  the 
Ironic  switch  or  gate,  wliuh  is  (tiitral  tti  the  present  discussion.  'I'ht*  posi' 
timi  of  the  gate  is  confoDed  by  an  atlualing  pulse  which  is  appropriately 
ilelayed  to  CJ>rre^pt»nd  to  ilu  signal  of  interest,  in  the  present  situation  it  Is 
clear  that  J>plinunn  it‘sulls  an-  ii’oiained  If  the  gate  is  actuated  for  exactly 
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The  other  lourcet  of  radiation  in  thU  aircraft  will  be  the  engine  Intakei 
which  may  have  tcmperaturee  ai  high  an  iOO^C  and  the  hot  metal  parti  of 
engine#.  The  total  output  cf  the  eix  enginei  will  probably  not  be  more 
than  4  kilowatt!  per  steradian  In  the  4.3  micron  region.  The  view  of  the  hot 
metal  and  gatei  within  the  engine  will  be  somewhat  reitrlcted  by  long  ex¬ 
haust  nosxlee. 

21 .7  RadUUon  Charactarletio#  of  Alr-lo-Alr  Rockole 
The  Infrared  radiailoh  characteristics  of  rockets  are  also  of  Interest  in  a 
dUcussion  of  infrared  couniercneasures.  This  is  becauiie  use  can  be  made  cf 
the  radiation  from  the  rocket  motors  of  missiles  in  warning  systems.  (Sec 
BKtlon  on  engagement  warning  systems.  Section  22-10.)  Ultraviolet  measure¬ 
ments  on  rockets  have  also  been  made  in  this  connection. 

Table  21-IV  shows  radiation  characteristics  of  air-to-air  rockets  in  the  infra¬ 
red  in  kilowatts  per  steradian  at  nose-on  aspect  (Reference  11).  The  number 
in  parentheses  following  the  average  values  indicate  the  burning  time  In 
seconds  over  which  the  average  wu  taken.  Those  following  the  maximum 
values  indicate  the  time  at  which  the  maximum  occurred.  These  values  are 
from  the  nose-on  upect.  Meuuremenu  were  made  at  a  range  of  SOO  feet. 
No  corrections  have  been  made  for  atmospheric  absorption.  These  measure¬ 
ments  were  made  at  (he  Nava!  Ordnance  Test  Station,  China  Lake,  Califor¬ 
nia,  where  the  water  content  of  the  atmosphere  is  quite  low. 

TABLE  IV.  Radiation  Characteristics,  Alr-to-Air  Rockets. 
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TABLE  21-V.  Radiation  Characteristics  of  Several  Rockets 
in  the  Ultraviolet 
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clot«  to  the  noxxle,  coniiderable  energy  at  the  centers  of  these  bands  is  ab¬ 
sorbed.  Plume  radiation  is  not  particularly  important  in  the  2.7  micron  spec¬ 
tral  region^  it  having  been  estimated  that  os  much  at  95  percent  of  the 
radiation  In  the  lead  sulhde  region  (I.S  to  2.8  microns)  originates  from  the 
tail  pipe.  The  chief  ilgniftcance  of  the  plume  radiation  is  that  it  hu  a  much 
broader  spatial  distribution  pattern  than  does  the  radiation  from  the  tail 
pipe.  There  Is  considerably  more  energy  from  the  plume  in  the  4.3  micron  region 
of  the  spectrum  than  in  the  2.7  micron  region,  although  it  is  still  much  less  than 
that  of  the  tail  pipe.  'Fbe  ratio  of  the  output  in  the  4.3  micron  band  to  that  in 
the  2.7  micron  band  may  vary  by  almost  a  factor  of  10  and  may  be  as  much 
as  25  or  30.  Since  the  2.7  micron  band  radiation  falls  off  more  rapidly  with 
temperature  than  does  the  radiation  at  4.3  microns  the  ratio  mentioned 
above  IncreaKs  with  altitude,  because  of  the  lower  throttle  settings  and 
correspondingly  lower  temperature  usually  Involved.  Total  plume  radiation 
drops  rapidly  with  altitude.  Measurements  have  shown  that  at  40,000  feet 
the  plume  radiation  In  the  2.7  micron  region  is  down  to  about  six  percent 

its  ground  level  value,  while  the  plume  radiation  in  the  4.3  micron  region 
is  down  to  about  45  percent  of  its  ground  level  value  (Reference  9).  The 
radiation  In  the  4.3  micron  region  at  40,000  feet  would  be  about  ten  percent 
of  the  tail  pipe  radiation.  At  sea  level  the  plume  radiation  of  the  J*57  engine 
in  the  region  between  4  and  5  microns,  for  a  throttle  setting  of  93  percent 
would  be  ttbou^  tiO  watts  per  steradian  from  tall  Mp\*ct  (Reference  3).  At 
40,000  feet  this  would  drep  to  about  50  watts  per  steradian. 

The  Infrared  radiation  from  an  aircraft  Is  greatly  increased  by  the  use  of 
an  afterburner,  the  output  of  an  engine  sometimes  Increasing  by  a  factor  of 
SO  or  more  when  lu  afterburner  ie  turned  on. 

In  the  case  of  some  supersonic  aircraft  the  radiation  from  the  aerody- 
namlcaliy  heater!  skin  will  probably  be  much  greater  than  that  from  the  hot 
metal  parts  of  the  engines  and  the  jet  plumes  combined.  It  has  been  esti¬ 
mated  that  a  six-engine  aircraft,  flying  at  a  speed  of  Mach  3  at  an  altitude 
of  75,000  feet  may  have  a  skin  radiation  of  as  much  aii  60  kilowatts  per 
steradian  for  the  3.0  to  5.2  micron  band  in  some  directions  if  the  skin  mate¬ 
rial  Is  in  an  oxidised  condition  (Reference  10). 

Afterburner  plume  radiation  is  expected  to  be  practically  negligible  com- 
,  ‘ed  to  that  of  the  skin.  This  is  due  to  the  fact  that  at  these  high  speeds 
there  is  a  great  reduction  in  pressure  as  the  hot  gases  leave  the  engine  nozzle. 
Tills  large  change  In  gas  pressure  is  accompanied  by  a  corresponding  drop  in 
temperature.  The  resulting  plume  temperature  behind  the  aircraft,  will  prob¬ 
ably  be  less  than  500  C  and  the  plume  radiation  in  the  4.3  micron  region 
will  probably  be  less  than  I  kilowatt  iSer  steradian,  even  when  all  six  engines 
can  be  seen  by  the  detector. 
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the  seme  Intervil  thut  the  ligntl  is  presented.  This  simple  ititement  is  sn 
example  of  the  general  propo^'Mon  that  for  best  results  the  filter  should  be 
matched  to  the  sifnal.  Unde*  ^hese  circumstances  there  is  output  to  the 
Integrator  only  du;  ig  the  duration  of  the  pulse,  and  noise  occurring  at  all 
other  times  is  eliminated.  When  supplemented  with  a  frequency  Alter  which 
limits  the  noise  bandwidth  to  the  smallest  value  consistent  with  the  pul.se 
duration,  this  time*domain  Alter  gives  results  which  approach  the  optimum 
predicted  by  information  theory. 

Time  gates  similar  to  the  one  Just  described  are  widely  used  in  radar  and 
communication  systems.  In  KCM  systems  they  are  useful  to  sort  out  pulses 
received  from  various  sources,  whether  the  purpose  be  to  secure  information 
or  to  initiate  countermeuures  action. 

The  extreme  simplicity  of  the  range  gate  stems  from  the  fact  that  the 
signal  to  be  received  consists  of  periodic  rectangular  pulses.  In  a  more  general 
situation  the  signal  Is  modulated  in  both  amplitude  and  phase,  and  it  is 
necessary  to  employ  considerably  more  complex  Alters  in  order  to  secure  an 
appropriate  match  with  the  signal. 

As  an  extreme  example  of  a  correlation  Alter,  consider  a  c-w  radar  which 
transmits  a  signal  consisting  of  bandllmited  pure  noi.sr.  Such  a  signal,  which 
may  be  generated  by  passing  pure  '^wnlte"  noise  through  a  bandpass  fre- 
quency-AIter,  consists  of  successive  cycles,  which  while  generally  similar 
differ  somewhat  in  both  amplitude  and  |>eriod  In  a  completely  random  man¬ 
ner.  Because  such  a  random  sequence  never  repeals  Itself  exactly,  It  \r 
possible  to  secure  range  jnforntatlon  by  comparing  the  returned  signal  with 
a  delayed  sample  of  the  transmitted  signal.  A  method  for  |)erformlng  this 

^  operation  \s  siiown  in  Figure  24-8.S. 
____  ;  sample  of  the  transmitted  noise 

I  •—  signal  is  delayed  In  such  a  way  that 

T  detailed  shape  of  the  wave  Is 

I -  •“!  unchanged.  The  neces.sary  comparl- 

-  ^  son  is  performed  in  a  multiplying 

“tr*  ^  XS"  ;~r  circuit  which  is  so  arranged  that 

the  output  reprc.sents  the  product 
FmuMK  N.HV  ftU.r,  ,,,  inHt.mUneou!.  VttlufM  of  Ihc  two 

inputs.  This  corresponds  to  the  rr.i^thcmatical  pnK:e.Hs  of  cross  correlation. 
Under  the  speciAed  conditions  the  output  is  extremely  small  unless  the 
two  inputs  have  the  same  waveform,  in  which  case  a  substantial  tejtptil 
is  obtained, 

It  should  be  noted  that  the  requlrenumts  in  ihc  delay  unit  for  this  an|ilica- 
tion  are  much  more  .severe  than  nre  those  which  apply  to  the  simple  range 
gale  necau.se  It  Is  necessary  to  preserve  the  wave  shape  rather  I  him  simply 
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produce  a  trigger  pulie  at  an  appropriate  time. 

The  difAculty  In  producing  a  practical  delay  unit  which  meets  the  condi¬ 
tions  speclAed  is  such  that  various  artlAces  are  employed  to  secure  equivalent 
results.  One  such  method  is  to  recirculate  the  signal  repeatedly  through  a 
relatively  short  delay  line,  compensating  its  loa.«es  by  means  of  a  broadband 
ampHAer. 


24.12.8  CombFlIlm 

Filters  which  f..»ely  transmit  a  large  number  of  discrete  frequencies  which 
are  harmonically  related  while  suppressing  all  others  are  referred  to  u  comb 
niters  because  the  response  curve  looks  like  the  teeth  of  a  comb.  While  such 
Alters  can  In  principle  be  constructed  of  lumped  elements  using  conventional 
design  methods,  it  is  rarely  desirable  to  do  so  because  of  the  large  number 
of  elements  required  and  because  the  rAKts  of  dissipation  are  particularly 
harmful.  A  more  rewarding  approach  Is  secured  by  noting  that  the  desired 
spectrum  lepresents  the  frequencies  which  are  present  in  the  most  genera! 
form  of  wave  having  a  period  equal  to  the  reciprocal  of  the  desired  frequency 
separation  interval.  Therefore,  we  are  led  to  employ  as  our  basic  building 
block  a  passive  unit  having  suitable  values  of  bandwidth  and  time  delay. 

A  comb  Alter  of  this  sort  is  shown  In 
Figure  24-86.  The  delay  unit  and  ampIlAer 
have  comparable  and  relatively  large  band- 
widths,  and  the  gain  of  the  ampUAer  is  only 
slightly  less  than  the  loss  of  the  rest  of  the 
loop.  Under  these  conditions  the  loop  Is 
strongly  regenerative  at  a  large  number  or 
uniformly  s()aced  frequencies  at  which  the  net  phase  shift  U  an  Integra! 
multiple  of  360*.  All  such  frequencies  are  strongly  emphuised  In  the  output. 
Therefore,  the  uver-al!  transmission  characteristic  has  the  desired  cumbdike 
shape.  The  extent  to  which  the  Ideal  resr)onse  may  be  approached  de{>ends 
upon  the  extent  to  which  the  loop  gain  at  the  many  frequencies  in  question 
can  be  made  to  approximate  the  critical  aero  value. 

The  behavior  of  this  type  of  comb  Alter  and  of  all  sorts  of  recirculation 
systems  based  on  time  delay  is  made  clearer  in  the  diKUssion  of  frequency 
memory  In  the  following  section. 

The  literature  on  Alters  is  very  extensive,  and  any  brief  bibliography 
Mfcessiirily  represents  sr)mcwhai  arbitrary  selection.  A  very  complete  theore- 
tiral  treatment  is  given  In  Reference  6.>.  Good  handbook  material  Is  provided 
In  References  64  and  65.  A  comparison  of  Altering  methods  b  given  in 
Reference  66, 
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24.18  Frequency  Memory 

In  many  ECM  and  ferret  situations  It  would  be  convenient  If  a  received 
signal  pulse  could  be  stored  as  a  continuous  wave  of  substantially  the  same 
frequency.  This  function  li  perfornvsd  by  a  frequency  memory  unitf  which  Is 
a  special  kind  of  regenerative  circuit  capable  of  sustaining  oscillation  at  any 
one  of  a  large  number  of  diKrete  frequencies. 

The  arrangement  of  a  typical  frequency  memory  unit  is  shown  In  Figure 
24-87.  Delay,  which  is  typically  of  the  order  of 
one  mlKrosecond,  Is  provided  by  an  appropriate 
coaxial  cable.  The  traveling-wave  tube,  which 
has  a  bandwidth  upwards  of  a  thousand  mega¬ 
cycles,  provides  a  gain  approx) m.ate]y  6  db  in  ex¬ 
cess  of  the  loss  produced  by  the  delay  line  and 
Fiouss  a4-S7.  Frtqucncy  the  directional  coupler,  which  should  have  a 
mtmory  unit  uilng  trivtling-  relatively  small  coupling  loss  and  very  small  re- 
wsve  tubs  end  coenUl  cible  coefflcienls.  The  input  signal  divides  In 

delay  11ns.  coupler,  part  passing  directly  to  the  out¬ 

put,  part  flowing  through  the  delay  line  to  the  ampllAer.  If  the  ampll- 
Aer  is  energized  in  the  presence  of  a  relatively  small  Input  it  will  yield  an 
additional  competent  of  output.  Of  greater  present  interest,  It  contributes 
to  the  delay  line  an  additional  signal  which  under  favorable  circumstances 
Is  in  phase  with  and  larger  than  the  original  signal.  It  Is  readily  seen  that 
the  frequency  of  the  signal  tends  to  be  preserved  and  that  the  level  of  the 
signal  grows  with  successive  recirculnllons  around  the  loop.  This  slej)-wl*e 
growth  process  continues  until  a  level  is  reached  at  which  saturation  sets  in  and 
the  net  gain  around  the  loop  is  reduced  to  unity.  Under  favorable  conditions 
the  system  now  oscillates  stably  at  this  level  and  frequency  until  the  power 
Is  turned  orf  or  the  situation  Is  changed  by  the  injection  of  a  relatively  large 
Input  at  some  new  frequency.  The  behavior  Is  illustralcd  in  Figure  24«88. 


KtousR  24 -SS.  SIkhaI  growth  in  IdrAlixrd  trrqurncy  memory  unit  with  loop  j^aln  of  6  db. 


It  is  readily  seen  that  the  possibility  of  oscillation  exists  fur  any  frequency 
satisfying  the  Harkhausen  phase  relationship. 
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4,  =Z  2nw  (mdian^)  (24-97) 

If,  fill  is  often  the  caiie,  the  total  loop  delay  Is  nearly  Independent  of  frequency 
and  Is  equal  to  /  (seconds)  the  total  phase  shift  is  given  by 

9  =:r  ur  =  2wff  (24-98) 

F.llmlnatlna  ^  between  these  equations  we  see  that  oscillation  can  occur  at 
any  frequency  sntUfying  the  equation 


/  ==;  n/f  (24-99) 

subject  to  the  additional  requirement  that  the  (small  signal)  loop  gain  must 
equal  or  exceed  unity.  If,  for  example,  the  delay  is  one  microsecond  and  the 
loop  gain  exceeds  unity  throughout  the  frequency  band  3  to  4  kmc,  then  the 
unit  is  at  least  potentially  capable  of  oKlllatlon  at  any  one  of  a  thousand 
discrete  frequencies  Mparated  by  uniform  increments  of  one  megacycle. 

The  analysis  (Reference  67)  of  frequency  memory  units,  which  is  relatively 
complicated,  shows  that  the  Idealised  behavior  Just  described  it  not  realised 
In  practice.  Occasionally,  the  system  oscillates  simultaneously  at  two  or  more 
frequencies.  More  often,  the  small  reflections  produced  by  Imperfections  In 
the  tube  and  cable  disturb  the  form  of  the  oscillation  by  producing  growing 
phase  modulation  which  eventually  suppresses  the  carrier.  When  this  occurs 
the  Initial  frequency  Is  lost  and  oscillation  occurs  at  some  frequency  cr  fre¬ 
quencies  favored  by  the  system.  However,  the  phase  modulation  process  just 
de.scrlbed  requires  a  substantial  amount  of  time — therefore,  even  In  unfavor¬ 
able  circumstances  the  initial  frequency  Is  preserved  for  some  finite  period 
referred  to  as  the  memory  time. 

Ah  one  might  anticipate  from  simple  considerations,  the  .system  works  best 
at  frequencie.s  having  the  largest  values  of  loop  gain  and  more  poorly  at 
frequencies  where  the  gain  Is  lower.  However,  it  turns  out  that  the  behavior 
is  affected  more  by  the  curvature  than  the  depth  of  the  gain  valley.  This 
situation  is  illustrated  by  Figure  24-89  which  shows  the  loop  gain  and 
memory  time  of  a  particular  S-band  frequency  memory  unit. 

The  behavior  of  a  frequency  memory  system  is  greatly  affected  by  the 
duration  of  the  Input  pulse,  which  Is  often  referred  to  as  the  Instruction 
signal.  It  is  readily  seen  that  the  optimum  situation  exists  when  the  instrur- 
tion  pulse  has  a  duration  exactly  equal  to  the  loop  delay  r  and  a  frequency 
corresponding  to  one  of  the  natural  PKodrs  of  the  system  ns  given  by  Kq  (24- 
99).  Finally,  If  the  ln{)ut  level  Is  such  that  the  tube  is  immediately  driven 
to  Us  normal  saturation  level,  there  Is  no  starting  transient  whatever.  The 


■ 


1^ 


flrtt  cycle  of  the  wave  delivered  from  the  output  of  the  ampllfler  flts  exactly 
onto  the  lait  cycle  of  the  Input  pulse,  and  continuous  occlllatlon  Is  estab- 
llshcd. 

. .  It  should  be  noted  that  the  ar¬ 
rangement  shown  hu  the  advantage 
that  the  amplifter  need  not  be  fully 
energised  until  an  Interval  r  after 
the  beginning  of  the  instruction 
pulK.  This  feature  Is  important  In 

VMa/*«itoja 

|#i  fle>a«waveea  •^ca^saea 

able  delays  are  involved  in  the 
gate  circuits  which  perform  this 
'][  '  ]  ]  ]  function.  In  other  situations  where 

I  '  '  the  amplifier  can  be  energised 

I  I  ’  ]  —  t  '  —  quickly  enough,  it  is  possible  to  re- 

I  1 1  -L  .  J  — t  -  — ' —  I  -  t*“ce  the  required  Input  signal  (and 

N I  wL  1^  ^ — *! — output)  by  inter- 

changing  the  location  of  tk.,  delay 
Fiouss  J4.IV,  Loop  ssin  snd  msmory  timt  tj,e  coupler  with  respect  to  (he 
for  a  typical  frequency  memory  unit 

Thf  understanding  of  frequency  memory  systema  Is  facilitated  by  refering 
to  the  two  mode  oscillator  illustrated  In  Figure  24-90  and  studied  by  van 

der  Pol  (Reference  68).  It  it  assumed  that 
the  tuned  circuits  are  reasonably  sharply 
tuned  and  are  similar  as  to  impedance  level 
1  natural  frequency.  If  the  two  frequencies 

I  incommensurate  and  the  nonlinearity  of 

the  amplifier  has  &  typical  and  appropriate 
form,  It  can  be  shown  that  the  circuit  can 
Kiuuss  24-90.  BliUbIs  frequency  oscillation  at  cither  of  the  two  fre- 

memory  unlng  lumped  conitanti.  g^d  that  only  one  frequency  ii  |)os- 

sible  at  one  time.  The  frequency  of  oscillation  can  be  established  by 
an  external  generator  connected  in  some  convenient  way  m  Indicated. 
Two  forms  of  instruction  are  possible.  In  one,  the  signal  Is  applied  dur¬ 
ing  the  Interval  immediately  following  the  supply  of  power  during  which 
oscillation  is  building  up.  In  the  other  a  relatively  strong  signal  is  supplied 
for  an  interval  sufficient  to  force  oscillation  at  the  desired  frequency.  Be¬ 
cause  the  system  can  sustain  oscillation  Indefinitely  at  either  of  two  fre¬ 
quencies  the  choice  of  which  is  exterior  to  the  .system,  It  represents  a  form 
of  memory  unit  operating  in  the  frequency  domain  and  capable  t)f  storing 
one  bit  of  information. 
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By  providing  additional  suitable  tunad  circuits  to  tbt  arrangement  of 
Figure  24-^  it  is  possible  to  extend  the  same  kind  of  operation  at  three, 
four,  or  more  separate  frequencies.  However,  the  impedance  and  frequency 
of  the  several  tuned  circuits  must  be  controlled  within  narrower  and  nar* 
rower  limits  as  the  number  is  increased.  Practical  experience  suggests  that 
the  system  reaches  its  practical  limit  at  about  ten  different  frequencies. 

24.14  Amplllade  Limltere 

In  many  systems,  including  automatic  frequency  control  devices  and  re¬ 
ceivers  for  frequency  modulated  signals,  it  is  necessary  to  provide  a  circuit 
having  an  output  which,  within  limits,  is  independent  of  the  amplitude  of  the 
input.  This  function  is  performed  by  a  suitable  nonlinear  circuit  called  an 
amplitude  limiter. 

One  form  of  amplitude  limiter  which  Is  applicable  in  a  wide  range  of  situa¬ 
tions  is  the  symmetrical  clipper  shown  in  Figvire  24-91.  The  resistive  load 
is  approximately  equal  to  the  resistance  of  the  source.  The  diodes  art  back 
biased  so  that  they  do  not  conduct  until  the  instantaneous  voltage  exceeds 


Fiovks  14-01.  Symmetrical  diode  clip¬ 
per.  Fiouaa  34-92.  VViveferms  In  clipper. 

some  threshold  level  V,  To  facilitate  analysis  It  Is  assumed  that  the  diodes 
are  Ideal  with  rero  forward  resistance  and  inftnite  back  resistance.  Uood 
results  irt  substantial  agreement  with  theory  are  obtained  if  in  relation  to 
the  load  resistance  the  forward  resistance  is  very  low  and  the  b&ckwaid 
resistance  very  hUh.  Germanium,  silicon,  and  thermionic  diodes  readily  sat¬ 
isfy  these  conditions  for  reasonable  values  of  the  load  Impedance. 

The  action  cf  the  clipper  Is  readily  understood  In  terms  of  the  waveforms 
shown  in  Figure  24-92.  For  small  (Instantaneous)  values  of  e,  the  load  volt¬ 
age  V  Is  equal  to  e/2,  For  large  values  of  e,  the  load  voltage  v  Is  constant  and 
equal  to  :iz  V,  It  Is  seen  that  increatie  of  the  amplitude  of  e  causes  the  output 
waveform  to  approach  a  square  wave,  of  which  the  fundamental  component 
has  a  (peak)  amplitude  equal  to  wV/2,  A  relatively  simple  analysis  shows 
that  the  ratio  of  the  fundamental  component  of  the  output  voltage  to  the 
(sinusoidal)  input  voltage  Is  expressed  by  the  parametric  equation 
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and  has  the  form  shown  In  Tlgure  24-93. 


AuplUudi  DiscriminaHon 

Frequency  modulation  is  widely  used  because  it  results  in  lystema  which 
are  inMnsItive  to  important  classes  of  noise  and  interference.  This  insen- 


Fioukt  24-93.  Radio  of  clipped  to  un-  Fiovaa  24*94.  AmpHtuds  dUcrlmina- 

clippfd  output.  tion  In  lymmetrlcal  clipper. 

litivlty  Is  directly  connected  with  the  ampiUude  discriminaiion  provided  by 
the  limiter  !n  the  receiver.  To  examine  this 'property  we  extend  the  analysis 
of  the  simple  clipper  of  Figure  24-91  to  Include  the  effect  of  two  signals. 
See  Figure  24-94.  Suppose  that  the  source  contains  two  unrelated  frequencies 
1 1  and  /t  and  that  the  voltage  of  /«  Is  large  compared  to  that  of  /|.  It  Is 
readily  seen  that  the  results  previously  presented  still  govern  the  behavior 
of  }a  but  that  /i  Is  transmitted  to  the  load  only  during  the  undipped  Interval 
of  the  cycle.  Thus  the  relative  transmission  of  the  /t  component  Is  given  by 
the  equation. 

y,  =  20/w 

It  is  seen  that  the  weaker  slgnai  /i  is  transmitted  less  freely  than  the  strong 
signal  at  /a.  That  Is^  the  strong  signal  tends  to  suppress  or  discriminate 
against  a  co-exIstlng  weaker  signal. 

This  desirable  property  can  be  compounded  by  using  several  limiters  In 
casrade.  However,  it  is  necessary  to  separate  successive  cllp[)€rs  by  ap¬ 
propriate  tuned  circuits  of  filters,  Otherwise  the  cHp{)ers  are  effectively  in 
parallel  and  no  useful  accumulation  of  the  discriminating  function  results. 

The  cascading  of  limiters  Is  greatly  slmpllhed  by  employing  vacuum 
tubes  to  isolate  successive  stages.  Successive  tuned  circuits  compound  their 
selectivity,  and  the  vacuum  tubes  produce  both  gain  and  limiting.  The  ideas 
involved  are  well  Illustrated  by  the  !-f  amplifier,  limiter  arrangement  for  a 
frequency  modulation  receiver  as  illustrated  In  Figure  24*9 S.  Hach  stage 
produces  a  relatively  large  gain  of  the  order  of  30  db  for  small  signals,  't  hus 
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Fiouric  34-95.  CftKkde  pentode  limiter  ii  uied  In  FM  recetveri. 


ft  very  amftil  input  produces  an  output  lumcient  to  Mturate  the  hnai  tube, 
and  I  somewhat  larger  Input  saturates  both  of  the  last  two  tubes.  However^ 
the  output  changes  very  little  with  additional  input  because  the  signal  driving 
r>nil  tube  Is  now  limited  and  no  further  saturation  is  possible. 

The  limiting  action  results  from  rectlAcatlon  in  the  grid  circuits  which 
Increases  the  bias  and  decreases  the  average  plate  current  of  the  tubes  u 
the  signal  input  increases.  If  Rr  is  propertly  chosen  with  respect  to  the  tube 
charucteristics  the  plate  supply  voltage  and  the  screen  dropping  resistance; 
the  output  voltage  is  subsiantiaiiy  constant  for  a  least  a  10:1  ratio  of  input 
voltages.  The  associated  capacitance  Cr  must  be  large  enough  to  bypass 
and  should  produce  with  It  a  time  constant  (Reference  69)  compatible  with 
the  bandwidth  of  the  signals  to  be  received. 

The  bandwidth  desired  In  the  tuned  interstage  circuits  depends  upon  the 
application.  In  automatic  frequency  control  systems,  it  is  not  critical  and 
need  be  merely  sufficient  to  pass  all  the  frequencies  of  Interest,  in  receivers 
for  frequency-modulated  signals,  the  best  signal-to-noise  latio  is  obtained  If 
the  bandwidth  of  these  circuit.  Is  barely  sufficient  to  pass  the  desired  signals. 

24» It'll  l^upehregen oration 

Superregeneration  is  a  term  used  to  deKrlbe  a  form  of  signal  reception 
which  makes  use  of  the  ex|K)nential  growth  of  an  Initially  small  signal  in  a 
circuit  which  has  an  effectively  negative  resistance,  so  that  the  logarithmic 
decrement  is  negative,  because  limiting  and  saturation  occur  very  quickly 
in  a  negative-resistance  system,  it  is  necessary  to  stop  and  restart  the  process 
at  frequent  intervals.  'Fhe  rate  at  which  the  starting  process  must  be  re|)ealed 
is  determined  by  the  bandwidth  of  the  signal  to  be  received.  Shannon  (Refe¬ 
rence  70)  has  shown  that  all  the  information  conveyed  in  a  frequency  band 
extending  from  zero  to  frequency  /  Is  preserved  if  the  wave  Is  sampled 
|H*riodicn)ly  at  frequency  2/.  For  example,  a  s|iefch  channel  having  an  upper 
frecjuency  of  a  kc  suffers  no  loss  of  fulellty  if  .sampled  at  any  rale  greater  than 
8  kc. 
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The  principal  virfuei  of  tuperregeneration  stem  from  the  fact  that  a  very 
large  gain  is  provided  by  a  single  tube  and  a  high  and  controllable  degree  of 
selectivity  is  provided  by  a  single  tuned  circuit.  While  it  is  possible  to  ar¬ 
range  matters  so  that  a  single  tube  produces  the  periodic  sampling  function 
as  well  tJ  the  negaMve  resistance^  it  is  rarely  desirable  to  do  so. 


Fiovu  S4-9e.  SuptrrtttacrsUvf  aitpllflsr. 

A  superregenerative  amplifier  is  indicated  In  Figure  24-96.  A  trlode  is 
coupled  to  an  antenna  and  provided  with  feedback  such  that  oscillation  will 
occur  when  the  bias  is  reduced  below  some  threshold  value.  The  quench 
signal  generator  produces  e  voltage  which  is  periodic  and  has  an  appropriate 
waveform.  Other  waveforms  are  preferable,  as  indicated  later,  but  the  square 
wave  Is  useful  and  serves  to  illustrate  the  basic  Idea. 

During  one-half  cycle  the  tube  is  nearly  or  completly  cut  oif,  and  any 
transient  oscillations  rapidly  die  away.  Thus  at  the  end  of  a  very  short  Inter¬ 
val  the  only  voltage  in  the  grid  circuit  Is  a  measure  of  the  antenna  input 
signal,  as  affected  by  the  selectivity  of  the  resonant  circuit  During  the  next 
half  cycle  the  bias  is  reduced  and  the  plate  current  increases  to  a  value  such 
that  regeneration  is  more  than  sufficient  to  overcome  circuit  losses.  Now 
oscillations  at  the  frequency  of  the  tuned  circuit  build  up  exponentially  with 
time  from  the  level  initially  established  by  the  antenna  circuit. 


Fsourk  >97.  Exponential  irrowth  of  siKna)  development. 


The  baste  action  is  shown  in  Figure  24-97  which  plots  the  instanteneous 
level  of  osciilAtion  against  time,  using  a  logarithmic  ordinate  scale.  It  is  seen 
that  the  level  increases  by  a  very  large  itmnnr.t  (e.g.  100  db)  in  a  relatively 
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short  time  (e.g.,  50  ^tsec).  The  crucial  fact  is  that  until  nonlinearity  due  to 
saturation  sets  in,  the  voltage  at  the  end  of  some  definite  time  period  is 
(almost)  proportional  to  the  voltage  which  existed  when  the  circuit  was 
activated.  Tine  approximation  involved  stems  from  the  fact  that  the  input 
(antenna)  signal  not  only  affects  the  voltage  at  the  moment  of  turn  on,  but 
affects  the  growth  rate  for  the  first  few  microseconds  thereafter. 

At  the  end  of  the  growth  Interval  (e.g.,  $0  /xsec),  the  oscillation  level  Is 
sampled  by  a  simple  detector  or  other  appropriate  means  and  the  oscillation 
is  then  damped  out  by  turning  off  the  tube.  This  action  is  shown  in  Figure 
24*98.  It  is  clearly  necessary  that  the  positive  damping  coefjkient  provided 
during  the  turn-off  interval  is  larger  tlutn  the  negative  coefficient  which  exists 
during  the  growth  period.  Otherwise,  the  oKillstlons  built  up  during  one 
period  persist  or  ‘‘hang  over'^  into  the  next  and  the  desired  action  is  lost. 
This  undeslrible  circumstance  is  avoided  by  use  of  the  special  conductance 
variation  shown  at  the  foot  of  Figure  24-98. 


Fuiuns  S4-9S.  CompUU  cycU  of  operation. 

The  voltage  level  from  which  thif  next  train  of  oscillations  build  up  is 
established  during  the  designated  ‘‘instruction"  Just  prior  to  the 

moment  ot  turn-on  when  the  net  conductance  of  the  tuned  circuit  is  made 
negative.  The  instruction  interval  is  identified  as  the  sampling  t>eriod  in 
terms  of  Information  theory. 

Wheeler  (Reference  71)  has  shown  that  the  effective  selectivity  of  a 
superregenerative  amplifier  can  be  controlled  between  wide  limits  by  shaping 
the  time-variation  of  conductance  at  the  end  of  the  instruction  interval.  If, 
for  example,  the  net  conductance  of  the  circuit  Is  ride  nearly  scro  for  a 
relatively  long  time,  the  response  Is  that  of  a  single  very  high  ()  circuit. 
Alternatively,  a  linear  tline  variation  of  the  conductance  from  a  considerable 
|H)s(t{ve  to  a  considerable  negative  value  produces  a  selectivity  curve  of  the 
well-known  gaussian  (y  ar  )  form.  This  Is  a  remarkable  result  In  that 
the  high  skirt  selectivity  characteristic  of  the  gaussinn  response  is  normally 
attained  only  by  cascading  a  large  number  of  tuned  circuits  whereas  it  Is 
achieved  here  in  a  single  circuit  by  shaping  the  pulse  which  controls  the 
gain  of  the  tube  and  thereby  the  effective  negative  conductance  of  the  tuned 
system. 
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24.16  Loekinf  In  0»clU«tore 

The  termi  locking  and  synchronhation  are  uaed  interchangeably  to  iden¬ 
tify  situation!  in  which  the  frequency  of  an  oscillator  is  controlled  by  the 
injection  of  a  signal  from  some  eKterna!  source.  In  the  simplest  case^  the 
frequency  of  the  injected  signal  is  nearly  equal  to  the  signal  at  which  the 
oscillator  would  operate  if  undisturbed.  When  the  difference  between  the 
input  frequency  and  the  free-running  frequency  becomes  sufficiently  small, 
it  suddenly  drops  to  aero  and  the  OKlllator  acts  as  a  highly  regenerative 
amplifier  of  the  input.  The  output  consists  of  a  single  frequency  which  is 
identical  with  the  input.  That  is,  the  output  Is  locktd  do  or  synckroniutd  with 
the  input.  The  output  Is  nearly  constant  as  the  input  frequency  is  varied 
through  the  range  oj  synchroniiaiion  within  which  locking  occurs,  but  the 
phase  of  the  output  with  respect  to  the  input  varies  through  a  range  ap¬ 
proaching  ±90*. 

Simple  rocking  in  a  2:1  frequency  ratio  occurs  in  all  kinds  of  oscillators 
and  at  all  frequencies  where  oscillation  can  be  produced.  In  contrast,  locking 
of  a  more  complicated  kind  in  which  the  input  differs  from  the  free  oscillation 
frequency  occurs  only  In  nonlinear  oKillators.  This  Is  not  a  serious  practical 
limitation  2}ecause  most  oscillators  are  quite  nonllneirr. 

Ordinary  oscillators  consist  of  some  sort  of  tuned  circuit  or  resonate**  In 
combination  with  an  electronic  device  which  produces  sufficient  amplIAcatlon 
or  negative  resistance  to  overcome  the  Inherent  losses.  In  certain  microwave 
tubes,  such  as  the  backward-wave  oscillator  and  the  voltage-tuned  magnetron, 
the  tuning  function  U  at  least  partially  controlled  by  electron  transit  time. 
However,  In  all  cases,  the  stable  amplitude  equilibrium  which  characterizes 
the  state  of  sustained  oKillation  is  associated  with  nonlinearity  and  saturation 
In  the  electronic  device.  The  nature  and  extent  of  the  nonlinearity  of  a  par¬ 
ticular  oscillator  governs  the  range  of  synchronization  that  a  given  signal  wiU 
produce,  but  does  not  affect  the  nature  of  the  phenomenon. 

It  is  relatively  easy  to  see  that  synchronization  should  occur  when  the 
synchronizing  signal  has  a  frequency  which  Is  half  the  free-running  fre¬ 
quency  of  the  o.sctI!ator.  The  injected  signal,  acting  on  the  nonlinearity  of 
the  electron  device,  produces  a  second  harmonic  which  may  be  thought  of  as 
locking  the  frequency  on  a  1:1  basis,  Evidently,  this  line  of  reasoning  can 
be  extended  to  include  any  situation  where  the  oscillator  frequency  Is  a 
simple  harmonic  of  the  locking  frequency. 

Locking  also  occurs  when  the  synchronizing  frequency  is  twice  that  of 
the  oscillator.  Perhaps  the  simplest  way  to  view  the  .situation  is  that  the 
osciliatur  produces  a  .substantial  second  ^harmonic  current  which  has  the  seme 
frequency  ns  the  injected  signal  and  thereby  produces  locking.  Additional 
lnsi^{ht  is  gained  if  we  note  that  the  aiflcreficv  of  the  oscillator  and  input 
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frequency  Is  equal  to  the  oscillator  frequency  if  and  only  If  a  two*to*one  frc** 
quency  ratio  exists.  Analysis  based  on  this  concept  predicts  locking  and 
indicates  the  manner  in  which  the  phase  varies  as  the  input  signal  frequency 
is  varied  within  the  synchronfs^ng  ra; 

Locking  is  observed  whenever  the  oscillator  and  input  frequencies  arc 
related  In  the  ratio  of  small  whole  numbers  (such  as  3:2).  However^  the 
range  of  synchronisation  is  relatively  smalls  and  the  conditions  for  locking 
are  too  critical  to  be  of  much  practical  value  for  any  but  the  simplest  fre¬ 
quency  ratios. 

Locked  oscillators  have  at  least  two  Important  applications.  In  receivers 
for  frequency  modulated  signals,  they  combine  the  functiCitS  of  amplil^catlon 
and  limiting.  In  frequency  synthesis  systems,  they  serve  a  Altering  function 
to  produce  a  relatively  large  sinusoidal  signal  with  a  frequency  Identical 
v/ith  some  chosen  component  of  a  more  complicated  wave  produced  by 
muItIplicBtl«)n  or  modulation  from  some  basic  frequency  source. 

24.16.1  Range  of  SynehronlMlton 

The  frequency  interval  over  which  an  oscillator  can  be  lynchronixed  de¬ 
pends  upon  the  level  of  the  synchronising  signal  in  comparison  to  the 
magnitude  of  the  self-generated  oscillation,  and  upon  the  rate  of  change  of 
phase  shift  with  respect  to  frequency  In  the  resonator  or  other  frequency 
governing  circuit.  The  essential  farts  of  synchronisation  of  a  feedback 
oKillator  are  shown  In  Figure  24-99.  When  the  injected  signal  has  a  frequency 


Fiquks  34*99.  SynchronU^tlon  of  an  OKillstor,  («) 
Block  cliaKram.  (6)  Phaior  dlasrim. 


exactly  equal  to  the  vtural  frequency  of  the  oscillator  we  see  that  Vi  is  In 
phase  with  Va  and  Vb,  nd  that  the  angles  B  and  4  are  both  sero.  At  other 
frequencies,  the  loop  phase  shift  B  has  a  Anlte  value  and  equilibrium  requires 
that  ^  have  a  larger  value.  At  any  given  frequency,  B  has  a  unique  value 
characteristic  of  the  system,  and  it  Is  clear  that  there  is  some  minimum  value 
of  corrcs|>on(linK  to  ^  »  90*,  which  will  produce  synchronisation.  From 
this  point  of  view  it  is  clear  that  to  secure  synchronisation  over  substantial 
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frequency  interveli  with  relatively  weak  signals  it  is  desirable  to  make  the 
ra:e  of  change  of  the  loop  phase  shift  $  as  small  u  poasib*  \  This  is  achieved 
(Reference  72)  by  lowering  the  Q  of  the  circuits  involve^'  ninimidng  stray 
capacitances  to  preserve  adequate  impedance  levels^  a.«d  oy  using  special 
circuits  whlch^  (within  the  range  of  Interest,  have  abnormally  small  variation 
of  phsK  shift.  The  fact  that  the  relative  magnitudes  of  v«  and  must  change 
somewhat  u  6  and  4  vary,  is  identiAed  with  a  small  change  of  the  level  of 
oscillation  and  the  degree  of  saturation  In  the  amplitude  limiter  which  occurs 
u  the  synchronising  frequency  is  varied. 
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Mechanically  Tuned  High-Power  Oscillators 
and  Amplifiers 

R.  B.  NELSON,  P.  W.  CRAPUCHETTES 


Progrem  in  the  defign  of  component!i  for  electronic  countermeisurex 
(ECM)  hiij  hiftoricilly  moved  ahead  In  buriti  followed  by  long  pauiei.  In 
no  other  ECM  component  hai  thii  been  more  true  than  in  the  design  of 
tubes  for  use  in  mechanically  tuned  oscillatoia  and  ampliflers.  ECM  had  Its 
beginnings  with  the  design  of  systems  around  commercially  available  triodes, 
originally  designed  for  Axed^frequcncy  atudlo-transmitter  link  lervice.  Newer 
syatems  were  designed  concurrently  with  new  tube  types — planar  triodes, 
resr^atrons  and  spllt^anode  magnetrons.  These  systems  were  all  operational 
In  World  War  II.  Toward  the  close  of  the  war  the  ECM  systems  using  multi- 
cavity  magnetronn  were  studied  extensively  and  sclentlAcally.  Particular 
attention  was  paid  to  considerations  determining  Jamming  effectiveness. 
These  studies  continued  In  the  period  Immediately  following  World  War  II, 
culminating  in  the  >vera]  magnetron  systems  which  currently  provide  the 
ECM  capability  of  the  Armed  Forces.  Because  of  Its  several  desirable 
characteristics,  the  floating  drift  tube  klystron  was  also  extensively  studied 
in  this  period. 

The  mechanically  tunable  oscillator  has  tended  to  fall  Into  disrepute  in 
an  era  of  sophisticated  radars  having  new  antijam  features,  such  as  n^ulti- 
plex,  frequency  diversity,  and  shaped  pulses.  The  multiple  task  requirements 
tended  to  make  brute  force  too  large  and  too  heavy.  Lately,  however,  a  new 
capability  has  come  Into  being  In  the  use  of  mechanically  tuned  oscillators. 
Thr  use  of  increased  bandwidth  barrage  self-noise  or  video-enhanced  noise 
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in  mechuilotily  tuned  osciilatori  improvei  their  uiefulness  against  the  more 
sophisticated  radars. 

25.1  Summery  of  Uae  Relative  Opersitlnf  Parametero  of  the  Varioue 
Devicaa 

The  relative  merlu  and  demerits  of  the  tube  typos  are  described  in  the  fol¬ 
lowing  tables.  Table  25-1  deKiibes  the  present  status  and  essential  charac- 
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0 

slow 

fast 

medluta 

Reliability 

good 

good 

fair 

good 

excellent 

lab. 

Life  (hr) 

50-250 

50-350 

8-100 

50-350 

SOO-iOOO 

9000 

Availability 

Amplification 

prod. 

prod. 

tab. 

prod. 

prod. 

Ub. 

Capability 

yes 

yes 

yea 

no 

no 

no 

Uuga 

'^bi. 

Obi. 

Obs. 

Obs. 

99% 

lab. 

•  Ground  grid  rircuitt  tuned  pUie  and  cathode  rtormally  uiad. 

^  KlUment  Khcdule  rcqulrtd  to  compensate  for  back-heatlnf. 

^  Circuit  not  lelf-iiibic,  uio  cathode  Mlf*blai. 

^  Filament  regulator  required  for  long  cathode  ilia. 

'  Magretlc  field  required,  may  bo  permanent  magnet. 

t  Two-cavity  circuits  used  whn  feedback  and  output  circuits  controlled  by  adJueUblo 
rolling  cams  to  accept  tube  variations. 

9  Loitd  vernier  needs  adjustment  after  Urge  frequency  change. 

A  Voltage  must  be  tricked  by  servo  while  tuning. 

terlstics  of  KCM  systems  using  the  various  types  of  mechanically  tuned 
devices.  It  Indicates  that,  excepting  the  magnetron,  all  the  various  mechani- 
colly  tuned  deviEcs  which  have  been  in  service  are  now  obsolete.  Obsoles¬ 
cence  has  been  caused  by  the  introduction  of  tunable  radare  which  impose  a 
rapid  tunability  requirement  upon  the  KCM  system.  Even  the  magnetron 
will  be  obsolesced  scon  except  for  spot  Jamming  of  particular  situations.  The 
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Tailk  25*3.  Equipment  Uiaie  by  Virtoui  Tubt  Typn 


Trlodes 

Tftrcd«i 

SptU-«nod«  mignitroni 
MuUlcAvlty  magnet roni 

Floating  drift  tube  kly^troni 
Barr^trons* 


AN/APT.5,  ‘‘carpet-bag,”  AN/APT-9 
Project  Tuba,  APT-l  ft  2 
TDY,  AN/APT-2 

AN/XMBT-l  ft  2.  AN/MLQ.2  ft  7,  AN/AL'iw,  4,  C, 

AN/ALQ-23,  AN/APT^b 

Experimental 

Under  coneldcratlon  are  AN/ALT-2,  9,  AN/ALQ-23 


Barrairf>i  *  a  form  of  mKhanically  tuned  aelf-nolae  generator  which  may 
offer  gome  improvr'^'f'nt  over  the  magnetron. 

Table  25*2  sets  for'^  the  relative  capability  of  the  various  tube  types  in 
their  conventional  circ  ^  aa  generators  of  microwave  Jamming  energy. 
Table  25-3  lists  some  of  ttn  *Dlr  «  n^uipments  for  which  the  various  types 
of  tubes  were  used. 


25.2  Multicavity  Mafiietrons  In  Mechanically  Tuned  Oeclllatora 

Single-dial  control  of  frequency  at  rapid  mechanical  rates  has  made  the 
multicavity  magnetron  the  nwst  popular  of  the  mechanical  ECM  devices. 
Figures  25-1  and  2S-2  indicate  typical  production  ccvlcea.  The  addition  of 
a  moving  magnetic  member  to  the  moving  tuning  structure  has  made  pos¬ 
sible  wide  tuning  range  (1.7:1  at  f-band  to  1.2:1  at  .X-band)  while  oper¬ 
ating  at  essentially  constant  voltage.  A  tetrode  modulator  in  a  series-shunt 
arrangement  vdth  the  magnetron  cathode  not  only  provides  modulation  but 
serves  to  hold  current  constant  as  well.  Auxiliary  circuits  are  available  and 
reliable.  Output  coupling  Is  fixed  by  the  designer  so  that  good  performance 
is  obtained  over  the  desired  band  without  adjujtment  In  the  Aeld.  High- 
quality  uoisc  is  available  from  these  hlgh-efAclcncy  devices  because  of  utelr 
unique  non-linear  nature.  Following  &  brief  summary  of  magnetron  design 
practice,  there  will  be  several  paragraplu  relating  to  the  normal  and  ab¬ 
normal  characteristics  of  magnetrons  plus  further  details  of  {rerformance. 

25.2.1  Multleavlly  Magneircin  ih^sign  Summary 

A  magnetron  is  a  dlmic  with  an  axial  magneUe  Held  parallel  to  the  axis 
of  the  cathode  and  aniKie  space.  In  multlcnvity  magnetrons,  the  anomie  cylin¬ 
der  Is  divided  into  uniform  segments  which  are  connected  to  resonant  cir¬ 
cuits  that  provide  rf  Imoedance,  store  energy,  and  regulate  frequency.  A 
physical  picture  of  the  electron  intemetion  !n  magnet rona  will  materially 
assist  the  user  in  as.suring  their  proper  o|>cration.  The  extensive  literature 


'rrtuii'  mark  icKintcrcd. 
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'»jfein!y  deals  with  pulse  magnetrons,  which  differ  in  only  small 
detail  from  the  ECM  magnetroa^,  hrgdy  in  cathode  design  and  output 
coupling  circuits.  References  1,  2,  and  3  provide  a  very  detailed  picture  of 
the  electronics  as  well  as  excellent  introductory  material.  Cathodes  of  ECM 
magnetrons  are  invariably  fabricated  of  refractory  mcials,  in  order  to  sus¬ 
tain  without  damage  the  relatively  large  number  of  electrons  which  bom¬ 
barded  it  from  the  electron  stream.  The  cathodes  must  provide  primary 
emission,  whereas  pulse-ty|>c  magnetrons  operate  satisfactorily  with  second¬ 
ary  emission.  The  structure.i  must  be  rigid  and  suited  for  operation  under 
severe  environmental  conditions. 


Fio.  25*!.  QK-496  200-watt  CW  maRne- 
troiii  hydraulicaiiy  tunable  from  2350  to 
3o00  Me,  PuMitiun  controlled  by  ^rvo. 
Maximum  tunlnR  rate:  20  cpn  over  any 
200-Mc  portion  of  bund.  Body  U  liquid 
cooled,  Tuner  li  conduction  cooled  (mt 
FiRUre  25-4).  Courtfjy  Maythron  Afanu 
/oi'tutfnt:  Co. 


Flu.  25-2.  t-3110A  maRnetron,  200-watt 
CW,  tunable  2350-3600  Me,  ihowlnx  >cpa- 
rate  tuner  and  body  fooling  circuits.  Hy¬ 
draulic  tuner  ii  lervo  actuated  at  20  rp» 
maximum  rate  over  400-Mc  band.  Courfrsy 
/JttoH  /Mf/uilrfrs, 


The  output  circuit  of  an  EC’M  magnetron  Is  generally  more  hoavlly  coupled 
to  the  resonant  circuit  than  in  pulse  tube.s  so  that  un  adeejuate  noise  band¬ 
width  can  be  obtained  (efficiency  Is  also  increased),  The  tul)e  incorporates 
.such  combinations  of  transformers  and  (ILscontinuities  as  are  required  to 
make  coupling  adjustment  during  operation  unnecessary.  The  magnetic  field 
re(|ulrcd  to  provide  the  nece.'isary  synchronous  velocity  Is  readily  provided 
by  magnets  which  are  pernianently  attached  to  the  tube.  Removal  of  the 
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magnet!  will  deitroy  operation  unleu  the  magnets  are  remagnetised  after 
reassembly.  To  reduce  size  and  weight  and  stray  magnetic-fleld  leakage, 
some  magnetrons  are  packaged  with  bowl  magnets. 

2S.2.1tl  Intemctlon  Space  Dealfnf  The  basis  for  much  of  the  inter¬ 
action  s;)ace  theory  for  magnetrons  wan  laid  by  A.  W.  Hull  (Reference  4), 
who  Investigated  the  behavior  of  electrons  In  a  cylindrical  diode  In  the 
presence  of  an  axial  magnetic  held.  An  electron  leaving  the  cathode  is  acted 
upon  by  a  radial  force  proportional  to  plate  voltage  and  by  a  force  acting  at 
right  angles  to  Its  velocity  whose  magnitude  is  proportional  to  the  velocity 
and  the  d-c  axial  magnetic  held  strength,  B,  This  combination  of  forces 
causes  the  electrons  to  move  across  the  interaction  space  In  quasicycloids! 
orbits.  When  the  orbit  Just  touches  the  anode,  any  further  increase  in  mag¬ 
netic  Held  will  turn  the  electrons  away  from  the  anode  and  a  cutoff  condition 
exists,  as  given  by  equation 


eBW 


(25-1) 


where  r.  and  r«  are  anode  and  cathode  rudii,  respectively,  and  rr«  is  the 
voltage  from  anode  to  cathode  at  the  d-c  cutoff  condition. 

Several  alterations  of  structure  were  found  to  yield  oscillation  in  the  near¬ 
cutoff  region.  Further  study  showed  that,  if  the  cylindrical  ano^e  were 
divided  equally  into  an  even  number  (A^)  of  parts  (see  Fi;;rrr  25-3),  and 


Kio.  PUn  view  of  a 

nhowlnK  vanei  and  »trapt.  Courtrsy 
imiMitrirs, 


suitable  impedances  were  Introduced 
In  consecutive  array,  then  large  signal 
oKillatlon  would  be  observed.  Cur¬ 
rent  is  drawn  to  the  anodes  under  the 
combined  influence  of  the  applied 
voltage  and  the  rf  voltage,  even  though 
the  applied  voltage  is  much  less  than 
the  d-c  cutoff  value  from  Equation 
25- i.  The  .standing  wave  of  voltage 
produced  on  the  vane  tips  (which  are 
of  alternating  polsrity  In  norma)  op¬ 
eration)  cun  be  separated  into  two 
op|M)sitrly  traveling  waves  which  must 
then  he  synchronous  with  the  elec^ 
Irons  whose  vcIt^Uy  Is  determined 
hy  the  geometry  and  the  impressed 
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fleldc.  0.  Bunnemki),  working  In  «  group  under  H«rtre«  (Reference  5),  de¬ 
veloped  the  criteria  determining  the  voltage  wMclt  must  be  applied  to  a 
given  geometry  if  oKillatlona  are  to  itart,  which  ii  given  by 


in  which  X,  l»  wftvelcngth  ind  Kop  in  the  volUge  tt  which  oiclllatfoni  start 
provided  that  B  ii  large  enough  so  that  no  current  will  be  drawn  to  the 
anode  in  the  absence  of  oscillations.  A  further  study  of  these  two  relations 


by  D.  A.  Wilbur  (Reference  6)  has  permitted  dc 


efficiency  by 


(25-3) 


The  results  agree  well  for  low  values  of  efAciency.  When  is  greater 

than  1.5,  it  has  been  found  ihat  a  factor  of  2  in  the  denominator  yields  bet¬ 
ter  agreement  with  the  data. 

Experience  has  dictated  that  the  Interaction  space  design  must  concern 
Itself  with  two  more  parameters.  The  anode-to-cathode  distance  has  been 
found  to  influence  starting  time,  the  dynamic  Impedance  of  the  tube,  and 
electron  back-bombardment  of  the  cathode.  A  reduction  In  spacing  reduces 
all  but  the  latter  factor  because  of  the  greater  projection  of  the  anode  fields 
toward  the  cathode.  If  the  spacing  Is  made  too  small,  the  mignetic-fleld  re¬ 
quirement  becomes  uneconomic  and  buck  heating  becomes  destructive. 

The  ratio  of  the  vane  thickness  to  gap  between  vanes  determines  the 
composition  of  the  flelds  in  the  interaction  space  since  the  magnitude  of 
the  various  space  harmonics  will  be  determined  by  this  ratio.  At  a  value  of 
2:1  the  fields  are  largely  first  harmordc  and  thus  provide  the  greatest  field 
for  interaction  per  volt  between  vanes.  The  improvement  in  starting  time 
which  results  Is  accompanied  by  a  more  uniform  change  In  frequency  due 
to  increase  in  space  charge  when  the  current  is  increased.  This  is  called 
frequency  pushing.  For  further  discussions  of  pushing,  see  Sections  25.7  und 
25.9. 

The  three  relations  u.ieful  in  magnetron  design  given  above  incorporate 
the  variables  Fep,  Fn,,  A^,  A,  r«,  fi.,  and  /f,  which  means  that  the  designer 
must  draw  on  experience  and,  by  successive  approximation  and  selection  of 
values  for  five  of  the  variables  and  computation  of  the  balance,  determine  a 
reasonable  design. 


2i».2.1.2  Tuning.  In  the  earlier  paragraph  introducing  the  synchron¬ 
ism  criteria,  the  resonant  frequency  a  described  as  a  function  or  the  Indue* 
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tance  and  capacitance  cf  the  anode.  Any  variation  of  these  parameters  will 
cause  resonant  frequency  to  change.  Typical  tuning  structures  which  modify 
capacitance  and  inductance  are  shown  in  Figures  25-4  and  25-5.  Tuning 


Fiti.  23-5.  Tuning  itructure 
for  L-JttO  mNgnetron.  Top 
pirt  li  moving  pol«  piece, 
next  li  rspiirltivc  tuner  ring, 
then  Inductive  tuner.  Tung¬ 
sten  rods  wiping  on  copper 
are  used  as  line  up  bearings 
In  the  vacuum.  Courtfsy 
ion  induttrUi. 

capacltivcly  l.a  accomplished  by  insertion  of  the  smaller  metallic  member  into 
the  region  of  high  E  held  near  the  tips  of  the  vanes,  effectively  Increasing 
capacitance  by  so  duln„^  Inductive  tuning  Is  accomplished  by  inserting  the 
larger  metallic  member  into  a  region  of  high  //,  where  the  tuner  currents 
opfuise  the  incident  held  and  force  the  held  lines  out  of  the  tuned  region,  thus 
reducing  the  Inductance.  Combinations  of  R  and  //  tuners  (sometimes  called 
L  and  C  tuners)  with  moving  pole  pieces  can  be  used  to  greatly  increase  tun¬ 
ing  range.  'The  moving  pole  piece  Is  positioned  and  sh  'ed  so  that  the  proper 
variation  in  B  as  required  by  Equation  25-2  can  o.  \pproximated.  Exact 
com{)rnsation  is  difficult  since  the  tuning  curve  is  essentially  linear  and  the 
curve  of  /<  versus  pole-piece  fwsllion  Is  hyperbolic.  Over  the  usual  tuning 
ranges  of  magnetrons,  thia  compensation  is  adequate  end  (be  resultant  loss 
in  the  current  regulating  circuit  is  fninimised. 


Fic.  25-4.  Subsuembllei  of  QK-JOM.  Not«  par¬ 
ticularly  the  cooling  of  the  tunrri  by  fisxible 
copper  itrapi.  Note  the  uie  of  Iniulatcd  end 
ihlfldi  to  IncrraM  itxblllty.  Courtesy  Kaytheon 
Monufocturini  Co, 


25.2.1.3  Family  Caiiahllitiea.  The  wide  selection  of  operating  parn- 
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kft  TO  the  dr^4?n?^r  n.ikrM  fx^js^ibk  tlu-  ds'^dgj}  ui  ^*k’C(rb;alb. 
am:h«rlcsi!ly  iohes  ov<^r  v-rry  Wfdt^  of  l 

v^’ns- h  oidy  iht'  rf  ouiixjii  f!arjr'^i‘;s»‘s:i  Li,  licooroiui?  fc  t'req^je.iCy. 

output  conAguratlons^  Fir>ure  25-6  ihowB  ptrt  O!  n  family 


Flo.  25-6.  Portloni  of  CW  mAROftron  famillts  Indlcttlna  output  lypti.  Fluid-cooled 
family,  200-wait  CW;  air-cooled  family  100-watt  CW.  Ccwt0iy  litt0H  MuHrifs. 

of  ten  type*  of  maKnetrona  which  provide  Jamming  from  350  to  10,500  Me. 
The  family  operates  from  one  power  supply  and  provldci  conversion 
efAciency  throughout  the  range,  along  with  amall  aixe  and  weight. 

25.2.1.4  Si^ondary  Electronic  EfferU  In  the  Inlcractloii  Spare. 
Refercncea  1  and  3  Include  Illustrations  which  show  some  interesting  de¬ 
tails  of  the  electron  transit  In  the  interaction  space.  Electrons  leave  the 
cathode  uniformly  over  Its  surface.  The  action  of  the  combined  d-c  and  rf 
held  tends  to  sort  them  into  spokelike  streams  moving  outward  toward  the 
anode  while  traveling  synchronously  around  It.  Some  of  the  electrons  arc 
rejected  In  this  forming  process  and  are  returned  to  the  cathode  as  the 
result  of  their  having  entered  the  space-charge  cloud  in  an  unfavorable 
phase.  In  this  circumstance  the  electron  absorbs  energy  from  the  rf  field  and 
strikes  the  cathode  with  a  velocity  delcrmliied  by  that  energy,  overheating 
the  cathode.  When  the  cathode  is  close  to  the  anode,  the  stream  Is  more 
completely  defined,  encompassing  a  smaller  phase  angle  and  the  number  of 
rejected  electrons  and  their  energy  increases. 
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The  circulfttlng  cloud  of  electroni  interact!  with  the  total  field  in  the  inter¬ 
action  space.  The  d-c  field  is  uniformly  preient,  but  there  are  two  com¬ 
ponents  of  traveling  rf  wave  in  the  interaction  space,  one  havliig  a  radial 
direction  vector  and  the  othci  a  tangential  vector.  These  rf  fields  are  spatially 
separated  by  one-half  the  pitch  between  vanes,  since  the  one  is  deriv^  from 
the  vane-to-cathode  standing  waves  which  are  maximum  under  a  vane,  and 
the  other  is  derived  from  the  vane-to-vane  voltage  which  is  a  maximum  in 
the  space  between  vanos.  Since  the  resonance  criteria  must  be  adhered  to  at 
all  current  levels,  the  input  voltage  of  the  magnetron  remains  relatively  con¬ 
stant  at  St!  values  cf  and  the  rf  voltage  increases  only  as  the  square 

root  of  current  input.  Thus  u  operating  level  Is  changed  the  ratio  of  the 
number  of  elections  to  the  magnitude  of  the  rf  fields  is  changed;  end  oscil¬ 
lations  can  continue  only  if  the  phase  of  the  spoke  of  the  bunch  relative  to 
the  rf  field  changes.  With  a  change  in  phase  of  the  bunch  relative  to  the 
spoke,  there  Is  a  change  in  coupling  to  each  of  the  traveling  fields  and  thus 
reactive  components  of  currents  must  be  induced  upon  each  wave  component. 
Therefore  the  frequency  of  the  magnetron  is  a  function  of  current;  and  this 
phenomena  is  called  pushing. 

When  the  phn^e  of  the  spoke  is  such  as  to  be  coupling  a  maximum  of 
energy  from  the  electron  strHm,  any  attempts  to  further  liKrease  current 
cannot  be  supported  by  the  net  increase  in  rf  field  and  the  bunch  collapses. 
This  condition  known  as  modi  shift  can  be  separated  from  the  other  causes 
for  electron  initabllity  by  suitable  instrumentation  since  the  dynamic  im¬ 
pedance  of  the  tube  remains  continuous  up  to  mode  shift.  In  Figure  25-7tf 
an  oscllloscoplc  plate  diagram  shows  this  mode  boundary. 

Mode  shift  esn  be  Induced  by  inadequate  cathode  emission.  Because  the 
supply  of  electrons  .s  not  equal  to  the  demand,  the  plate  voltage  increases, 
curving  upwardt  causing  the  velocity  of  the  electrons  to  increase  out  of 
synchronism,  and  the  bunch  collapses,  ai  illustrated  in  Figure  25-74. 

Some  coupling  between  resonators  generally  occurs  in  multicavity  mag¬ 
netrons.  The  response  of  the  coupled  system  as  a  function  of  frequency  is 
split  up  into  N/l  model!  cr  resonances.  To  keep  the  separation  in  frequency 
of  these  modes  great  enough  "'le  coupling  is  generally  made  very  tight 
through  the  use  of  the  concentric  rings  called  straps,  which  are  connected  to 
alternate  vanes,  as  shown  in  Figure  25-3.  When,  however,  the  resonance 
criteria  of  Equation  25-2  can  be  satisfied  equally  well  by  the  N /2  (r)  mode 
and  by  the  N/2  —  1  mode,  the  device  will  not  simultaneously  operate  In 
both  modes  but  will,  in  accordance  with  the  Principle  of  Least  Work,  select 
thnt  mode  which  produces  greatest  entropy,  always  N/2  —  I,  since  it  Is  not 
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iymmetHctl.  When  the  tube  shifts  from  w  niode  because  of  competition,  the 
operating  conditions  for  the  new  mode  (higher  V„p,  lower  current)  can  be 
used  to  determine  cause.  Diagnosis  of  the  cause  for  mode  shift  can  usually 
be  m&d  d  if  adequate  teU  equipment  Is  available. 


(A)  (3) 

Kio.  2S-7.  Plate  diagram!  (s)  Mods  shift;  tuba  is  being  modulatad  at  60  cpi  to  Mlui- 
trata  tha  phanomanon  a»  U  vartical;  h  U  hortionUl.  (6)  Moda  coltapsa  dua  to  lack  ift 
emUilon.  Note  upward  curl  at  and  of  r  moda  traca. 


25.2.2  Operating  Chaw'acterlstlci  of  Multleavlty  Magnetrons 
The  spectrum  produced  by  an  ECM  magnetron  is  a  function  of  the  design 
of  the  magnetron  and  the  design  of  the  modulation  equipment,  the  output 
line  and  the  antenna.  The  plate  diagram  of  a  magnetron  is  the  equivalent  of 
that  of  a  biased-off  diode,  In  which  the  bias  represents  the  start  of  OKilla- 
lion  voltage.  Since  a  change  in  current  produces  a  change  in  frequency,  It  Is 
necessary  that  the  magnetron  current  be  stabilized,  esi>ecial)y  since  any 
small  change  In  supply  voltage  tends  to  produce  a  large  change  In  current. 
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Tetrode  current  regulators  have  been  found  adequate  for  this  function  and 
can  i\l8o  serve  as  the  video  modulator.  The  upper  modulation  frequency  la 
limited  by  anode  Q  and  the  capability  of  the  modulation  network.  The  rf 
bandwldi'/  b  at  least  as  great  as  the  video  bandwidth  and  may  be  Increaired 
by  pushing  when  modulated  or  by  pulling  when  the  antenna  introduces  a 
reflection  of  varying  phase. 

25.2.2.1  Pushing.  In  the  section  on  secondary  effecti  in  the  inter¬ 
action  space  the  phase  of  the  space-charge  wheel  of  spokes  wu  shown  to 
vary  with  anodf  current.  Pushing,  the  change  in  operating  frequency  pro¬ 
duced  by  a  change  in  operating  current  in  a  ipeciflc  way,  usually  is 
measured  from  25  to  100  percent  of  rated  peak  current.  The  change  in  the 
number  of  electrons  and  the  phase  of  tho  bunch  produces  an  increase  in 
frequency  as  current  increases.  For  particular  cases  of  loading  the  sense 
semetimra  reverses:  the  turn-around  or  point  of  zero  slope  of  the  pushing 
curve  increases  with  an  increase  In  loading. 

25.2.2.2  Pulling.  The  resonant  frequency  of  an  anode  is  determined 
by  considering  the  effects  of  ali  the  impedances  in  the  anede  circuit.  When 
the  load  is  reactive,  It  contributes  to  the  total  circuit  reactance  and  thus 
causes  frequency  to  be  dependent  on  loading,  both  in  magnitude  and  phase. 
PuUing  is  that  change  in  operating  frequency  which  results  when  a  1.5:1 
mismatch  Is  varied  through  all  Its  phases.  One  should  observe  that  pusMng 
is  the  frequency  change  caused  from  effects  originating  within  the  magnetron 
and  pUiling  is  caused  from  effects  originating  without  the  magnetron. 

25.2.2.3  Long-Llnea  EfTects.  When  the  magnetron  Is  coupled  to  a 
load  having  some  mismatch  with  the  line  impedance,  the  length  of  the  line 
and  the  magnitude  of  the  mismatch  working  together  can  cause  holes  in  the 
spectrum  or  nonoperating  regions.  The  effect  of  the  dne  which  Is  n  wave¬ 
lengths  long  may  be  so  phased  as  to  result  in  a  negative  pulling  from  the 
matched  frcqucncyi  If  the  line  Is  long  enough  so  that  n  —  wavciengihs 
esn  l>e  satisfied  by  an  equal  positive  pulling  shift,  then  the  tul>e  will  operate 
at  either  of  these  ix}ints  but  never  at  Intermediate  i^jints.  1'his  phenomena 
has  been  extensively  studied  and  reported  on  by  J.  F.  Hull,  G.  Novick,  and 
R.  Cordray  (Reference  7).  The  addition  of  a  load  isolator  »'^ar  the  generator 
will  minimize  or  eliminate  this  problem.  The  paper  by  Huh  tt  a/,  can  be  used 
to  determine  the  one-way  Insertion  loss  required  for  hole-free  (»peratlon  with 
a  line  of  any  length  and  any  attenuation. 

25.2.2.4  Thermal  Drift.  Since  the  magnetron  tuners  arc  in  general 
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supported  end  positioned  by  t  long  series  of  metallic  members,  the  ultimate 
position  of  the  tuner  under  varying  ambient  conditions  is  variable.  Proper 
cooling  of  the  tuner  parts  and  support  will  minimise  the  shift  in  frequency. 
The  magnitude  of  the  shift  is  a  function  of  the  individual  design  and  the 
change  in  ambient  temperature. 

25,2.2.5  Tufiabillty.  The  boilc  magnetron  design  has  been  utilised 
in  systems  with  various  tuner  actuators.  Ultimate  ratM  of  tuning  are  limited 
by  Inertia  In  the  tuning  elements  themselves  or  in  the  drive  mechanism 
(deformation  of  the  parti  results  from  eacewive  force).  When  direct  revers¬ 
ing  drive  systems  are  used  motor  inertia  Is  the  limiting  factor.  When  a  dif¬ 
ferential  shaft  driven  by  two  oppositely  rotating  motors  is  uMd  to  actuate 
a  screw  thread,  and  the  servo  amplifier  has  anticipation  circuits,  almost  any 
characteristic  can  be  obtained.  Tlie  most  successful  system  to  date  utilises 
a  servo-actuated  valve  controlling  flow  to  a  hydraulic  tuner  motor.  Per¬ 
formance  of  existing  systems  and  the  ultimate  capability  of  the  various 
mechanisms  are  readily  compared  in  Table  25-4. 

Tails  25*4,  Tu5«bttiiy  CbAncttfUtlci 


Preifiil  Refe 

FeeWbfe  Rale 

Tunrr  typs 

Screw  threads,  driven  by  reverilbla  motor 

100  (Mc/sec») 

100  (Mc/kc^^) 

Screw  threads,  driven  by  differential  shaft 
from  two  cuunterrotatlng  motors 

250 

2,000 

Hydraulic,  electronic  servo-actuated 

5,000 

100,000 

25.3  Barratrona* 

The  self-noiie-generatlng  tubes  which  can  be  video  modulated  to  enhance 
their  already  wide  rf  and  video  spectrum  has  been  announced,  and  Initial 
field  tests  are  now  underway.  This  crossed-field  dt.ice  consists  of  a  mna- 
netronllke  anode  surrounding  an  a.fymmftrlc  cathode.  To  obtain  wide  band¬ 
width,  it  Is  very  heavily  loaded. 

The  Barratron*  may  be  usable  with  minor  refit  of  the  apparatus  in  those 
systems  now  using  magnetrons.  The  tuning  range  currently  available  in 
Barratrons*^  Is  approximately  half  that  obtained  from  a  magnetron  operating 
at  the  same  frequency.  Due  to  the  very  low  ()  of  the  anode,  a  very  good  load 
isolator  must  be  used  if  long-lines  efiects  (Reference  7)  (holes)  are  to  be 
avoided. 


mtirk  rritUterrd. 
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M«Murcimnti  of  perfornumce  «r«  currently  being  made.  Table  25-2  turn- 
mrlm  current  data.  Self-modulation  bandwidth  la  about  2  percent,  and 
external  video  modulation  can  Increau  thii  to  5  percent.  Figure  25-8  abows 
the  spectrum  of  an  5  bend  tube.  Very  low  frequency  and  very  high  fre¬ 
quent/  video  haa  been  meaaured  in  the  AM  detected  output  of  the  tube. 
Firm  '  25-9  ihowa  the  output  of  a  2-cycle  bandwidth  receiver  tuned  to  the 
lO-cycle  video  output.  Figure  25-10  ahowa  the  video  output  of  a  1-Mc  band¬ 
width  receiver,  and  Figure  25-11  ahowa  how  the  denalty  of  the  photo  variea 
with  amplitude  of  the  aignal.  Thcae  all  have  very  noiaelike  characteriatica. 
Scanty  field-teat  data  ahow  that  the  high  peak-to-averaga  power  indicated  by 


Fic.  25-C.  5-btnd  larntron  (trade  mark  naUtcred).  (a)  Self-nolM  tpectrum  Scale; 
.10  Me  per  divliion.  (6)  VkJco-aodulaied  spectrum. 


Flo.  25-10.  Detreird  vluro  uulpul  Irom  a  l-Mc  purllon  o(  the  Barratron  in  Figure 

25-8<i. 
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Figure  2S*1!  hai  been  able  to  break  lock  on  tracking  radari  at  lurprlsingly 
low  values  of  power  in  the  receiver  bandwidth. 


lij  Hiiill  ■ 


Flo.  25-11.  Dfnilty  of  oiclItoKopo  ]l«hl  output  v$.  vertical  position  through  tht  trace. 


2S.S.1  Futurss  FoatIblllUet  of  Mech«nle«liF  Tuned  Croffted-Fleld 
OtctUeiart 

Whilo  the  Advent  of  the  Barritron*  may  extend  the  era  of  their  utility, 
the  long-range  future  of  the  mechanically  tuned  cro.faed-fle]d  oicillatora  la 
not  bright.  Tuning  rates  can  probably  be  Increased,  but  cannot  hope  to  keep 
up  with  pulse-to-pulse  frequency-agile  diversity  radars.  The  only  hope  Is 
that  honest  barrage  capability  can  be  achieved  by  placing  a  number  of  noise 
spectra  of  Uarratrons*^  side  by  side,  thus  barraglng  a  wide  frequency  band. 
The  high  efficiency  and  light  weight  of  these  devices  promise  to  continue 
their  usefulness  IndeAnltely. 

2S.4  Klystrons 

The  microwave  tube  requirements  of  countermeasures  systems  have  led 
to  the  development  of  some  new  types  of  klystrons  and  the  application  of 
mure  standard  types.  While  the  present  trend  appears  to  be  tov/ard  voltage- 
tunable  devices  for  transmitters  and  for  local  oscillators  of  receivers,  the 


^Tf&dc  murk  rcxlitcred 
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klystron  nevertheleu  has  some  characteristics  which  have  been  useful  for 
both  of  these  functions 

As  a  microwave  transmitter  the  klystron  is  distinguished  as  having  the 
highest  power  capability  of  any  type  tube.  Other  characteristics!  such  as 
gain,  tuning,  modulation,  efnciency,  and  load  sensttivlty,  are  pertinent  to  the 
various  kinds  of  tubes.  In  actual  countermeasures  uses,  the  emphasis  has 
been  on  oscillatorsi  particularly  the  ‘'floating  drift  tube''  klystron. 

2it.4i.l2  nt  KlvAli*«%n 

The  theory  of  the  klystron  has  been  developed  with  a  g  ^  degree  of  com¬ 
pleteness  for  a  microwave  tube,  and  an  extensive  literature  ''v.dlable.  For 
the  reader  interested  in  using  the  tubes,  the  treatments  in  bt  '  as 

Harrison  (Reference  8),  Beck  (Reference  9),  Warneke  and  Guenarii  (Ref¬ 
erence  10),  and  Spangenberg  (Reference  11)  give  a  good  outline  of  the  sub¬ 
ject,  and  references  to  original  sources.  A  brief  elementary  discussion  is  given 
here  as  an  introduction  to  the  particular  types  of  klystrons  useful  In  counter¬ 
measures. 

Basically,  the  klystron  Is  an  energy  transducer  operating  by  velocity 
modulation  of  an  electron  beam.  It  Is  distinguished  from  other  beam  devices 
by  the  use  of  resonant  cavities  as  circuit  elements  to  couple  energy  Into  and 
out  of  the  beam.  To  illustrate  the  action,  Figure  25-12  shows  the  simplest 
klystron,  a  basic  two-cavlty  amplifier. 

In  most  klystrons,  the  electrons  move  in  a  roughly  cylindrical  beam,  in 
the  axial  direction.  The  beam  originates  from  a  thermionic  cathode,  typically 
the  concave  surface  of  a  spherical  cup*  The  electrons  are  drawn  toward  an 
anode  which  Is  shaped  to  create  a  radial  electric  field,  similar  to  that  between 
two  concentric  spheres.  In  this  way,  the  electrons  converge  along  radii  of  the 
cathode  sphere  to  form  a  beam  smaller  !n  diameter  than  the  emitting  cathode. 
By  making  this  "electron  gun"  highly  convergent,  the  emission  density  re¬ 
quired  of  the  cathode  for  a  givei  beam  current  Is  reduced,  and  the  life  pro¬ 
longed. 

In  low-powered  tubes,  the  anode  is  sometimes  made  as  a  grid  which  the 
beam  goes  through.  In  high-powered  tubes  a  grid  would  be  melted  by  the 
energy  of  electrons  intercepted  on  the  mesh,  so  the  anode  simply  contains  a 
hole  through  which  the  beam  penetrates  Into  the  rf  section  of  the  klystron. 

I'he  cathode-anodc  region  of  the  klystron  constitutes  a  spherical  diode  In 
which  the  current  flow  is  governed  by  the  familiar  space-charge  conditions. 


/e  = 
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Fio.  25*! 2.  Schemftilc  klyitron  amplifter.  The  bailc  two-revity  •mpHfler  U  the  tlmpleit 
klystron.  Oridlesi  cavitlei  end  nuignetially  focused  cylindrical  been  are  typical  of 

power  klyatrona. 

where  /« is  the  beam  current,  Is  the  beam  voltage,  and  the  constant  A,  a 
function  of  the  geometrical  arrangement  of  electrodes,  is  the  perveance.  A 
theo^'etlcal  solution  for  the  potential  and  current  flow  in  a  spherical  diode  was 
derived  by  Langmuir  and  Blodgett  (Reference  12),  giving  the  perveance  as 
a  function  of  thj  radii  of  curvature  of  the  anode  and  the  cathtxie. 

In  a  practical  electron  gun,  only  a  conical  sector  of  the  sphere  can  be 
used.  Outside  this  sector  there  is  no  current,  so  the  space  potential  would 
be  different  from  that  inside  the  beam  where  space-charge  is  present.  Pierce 
(References  13  and  U)  has  shown  how  focus  electrodes  beyond  the  beam 
edges  may  be  shaped  to  produce  a  potential  distribution  matching  that  of 
the  space  charge  at  the  beam  edge  so  that  all  the  electrons  in  the  beam  see 
only  radial  electric  held  and  follow  proper  radial  paths.  For  a  spherical 
sector,  the  perveance  is  then  the  area  fraction  of  that  of  a  complete  sphere. 
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In  hlfh-power  gridleu  klyitron*,  perveancit  values  are  usually  in  the  range 
from  O.S  X  10‘*  to  2,0  X  10‘*  amp/vo!t*'*.  In  low-power  tubes  where  the 
hole  in  the  anode  is  covered  with  a  grid,  the  anode  can  be  much  closer  to 
the  cathode,  and  perveances  as  high  as  10  X  10'*  Rtty  be  used. 

If  it  is  desired,  to  amplitude  modulate  the  klystron  output,  the  diode  elec¬ 
tron  gun  may  be  converted  to  a  triode  by  adding  a  control  grid  as  shown 
in  Figure  25-12,  The  grid  is  also  spherical,  and  contrcle  the  emission  as  in 
any  triode.  To  avoid  distortion  of  the  electron  optics,  the  grid  should  have  a 
fine  mesh,  hence  the  triode  has  a  high  ampliAcatlon  factor  and  the  grid  must 
run  positive  with  respect  to  the  cathode. 


MM  MMA«k'>ilMM  Akaa  VmIm  laa  AWm  aMMalM  amAmssm  •  SMsaylMva  Se« 

*  aav  f^as^asvai  w%MaiS|  wee  sussawsaac^  as*,sev  ass  oMwasaei  w  ■«« 

which  the  only  electroititic  fleld  U  the  space-chtr  je  rcpulilors  between  elec¬ 
trons.  The  beam  tends  to  spread  out.  However,  the  beam  enters  this  region 
with  a  converging  motion  from  the  spherical  cathode,  so  the  resultant  shape 
Is  convergent  down  to  a  minimum  diameter  {)o!r.t,  after  which  It  diverges 
again;  and  If  no  other  forces  u^e  Iruroduccd  it  will  expand  Indeflnitely. 

The  power  klystron  iliuitrsted  In  Figure  25-12  uses  a  magnetic  fleld  to 
keep  the  beam  focused  in  a  cylindrical  outline.  At  the  point  where  it  reaches 
minimum  diameter  under  the  Influence  of  the  electrostatic  and  space-charge 
forces,  it  enters  a  magnetic  fleld  directed  along  the  beam  axis.  This  fleld 
terminates  on  an  iron  pole  piece,  the  beam  entering  through  a  hole  In  the 
pole  piece.  In  the  hole,  the  magnetic  flux  lines  diverge  radially  to  enter  the 
iron,  and  all  electrons  which  are  not  on  the  axis  cross  the  flux  lines  and 
ex;)erience  a  force  causing  them  to  rotate  about  the  axis.  Proceeding  into  the 
region  of  uniform  fleld,  the  rotational  velocity  cutting  the  axial  fleld  produces 
an  inward  force.  There  is  a  particular  value  of  magnetic  fleld  for  which  the 
force  exactly  balances  the  combinrtiur  *  mechanical  centrifugal  force  and 
space  charge  repulsion.  Then  the  b%Ai4  4yi  at  the  same  diameter  In  a  con¬ 
dition  known  as  **Rrl]louln  Flow,’’  di  *  ued  by  the  equation: 


5  =  8.31  X 


where  B  is  the  magnetic  flux  density  in  webers/m*  and  a  is  the  beam  radius 
in  meters. 

Interaction  of  the  electron  beam  with  the  rf  signal  occurs  as  the  beam 
traverses  a  gap)  in  the  metal  tul>e  surrounding  it.  The  first  gap  crossed  is  a 
"buncher"  gap.  In  it,  an  rf  voltage  across  the  gap  alternately  speeds  up  and 
slows  down  the  electrons  us  the  fleld  alternates  in  direction.  The  transit 
tintc  across  the  gap  is  considerably  less  than  an  rf  cycle,  so  that  during  the 
time  that  any  one  electron  takes  to  cross  the  gap,  the  fleld  does  not  change 
much,  'rhe  rf  voltage  across  the  gup  Is  small  compared  to  the  beam  voltage. 
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ind  under  these  conditions  the  additional  kinetic  energy  imparted  to  elec¬ 
trons  which  are  accelerated  In  the  gap  is  equalised  by  energy  absorbed  from 
decelerated  electfons.  Thus  to  a  first  approximation,  no  rf  energy  is  absorbed 
from  the  cavity  In  creating  the  velocity  mixiulation.  A  second-order  effect 
due  to  finite  transit  time  does  cause  sonte  energy  to  be  used  in  the  bunching 
process. 

The  Input  signal  to  klystron  Is  fed  Into  the  bunchcr  cavity,  usually 
through  a  coupling  iris.  The  resonant  cavity  acts  u  an  Impedance  trans¬ 
former,  matching  the  signal  from  a  low  impHsnce  source,  such  u  a  trans¬ 
mission  line,  to  the  beam.  As  pointed  out  above,  the  resistive  loading  on  the 
cavity  due  to  bunching  the  beam  is  small,  so  the  Impedance  step-up  or  loaded 
Q  of  the  cavity  is  high. 

The  mechanism  of  amplification  in  the  klystron  is  by  the  conversion  of 
velocity  modulation  to  current  nmiulation  in  the  beam.  As  the  beam  trav¬ 
erses  the  buncher  pp,  it  acquires  \*eloctty  modulation.  Then  It  enters  a  Held- 
free  hollow  tube,  known  as  a  'Mrift  tube."  In  this  region,  the  faster  electrons 
catch  up  with  the  slower  ones.  Consider  a  reference  electron  which  crosses 
the  buncher  gap  at  an  Instant  when  the  rf  voltage  Is  aero  and  changing  from 
decelerating  to  accelerating.  Another  electron  croesing  the  gap  Just  before 
the  reference  U  slowed  down  so  tint  our  reference  particle  catches  it  in  the 
drift  tube.  An  electron  creasing  after  the  reference  is  speeded  up  so  it 
ratchca  up  with  the  rest,  it  Is  seen  that  this  "reference"  electron  forms  the 
center  of  a  bunch.  By  the  same  process,  an  electron  crossing  the  buncher 
gap  when  the  field  Is  aero  but  changing  from  accelerating  to  decelerating, 
Andi  its  neighbors  drifting  away  from  it  and  becomes  the  center  of  a  region 
of  the  beam  where  the  charge  density  Is  low.  An  observer  traveling  down 
the  beam  with  the  average  electron  velocity  would  see  the  bunches  becoming 
more  dense,  reaching  a  nuxlmum  concentration,  and  then  dispersing.  As 
viewed  from  a  statlokiary  point  In  the  drift  tube,  the  paulng  bunches  of 
electronic  charge  represent  an  alternating  current  component  superposeii  on 
the  average  d-c  beam  current. 

Mathematicaily,  the  a*c  component  of  beam  current  is  given  by: 

J,  ZZ  2Vi(g  K,/K.) 

where  /|  is  the  amplitude  of  the  fundamental  component  of  rf  current 

0  is  the  time,  in  radians  of  the  drive  frequency,  of  drifting  at  the  average 
beam  velocity 

V\  Is  the  amplitude  of  the  Input  rf  voltage  producing  velocity  modula¬ 
tion 

This  current  reaches  a  maximum  value  of  1. 1 64  when  BVx/V^  =  1.84, 
giving  an  rms  current  of  O.S2/«. 


25-20 


ELECTRONIC  COUNTERMEASURES 


At  the  point  pJong  the  drift  tube  where  the  rf  current  U  nuxlmum,  the 
beam  erodes  the  gap  of  another  reionant  cavltyi  the  output  cavity.  Since  the 
lines  of  force  from  the  electronic  charges  must  end  in  Induced  charges  on  the 
drift-tube  wallsi  the  induced  charge  mmi  be  transferred  from  one  side  of  the 
gap  to  the  other  as  the  electrons  crosr^  This  motion  of  the  Induced  charge 
constitutes  a  driving  current  In  the  resonant  cavity.  The  cavity  is  coupled 
to  the  useful  load  through  an  output  transmission  line,  the  coupling  being 
adjusted  so  that  the  resonant  impedance  of  the  cavity  matches  the  source 
impediince  of  the  electron  beam  for  optimum  energy  transfer.  The  phaH  of 
the  cavity  voltage  adjusts  itself  so  that  the  bunches  of  electrons  cross  the 
gap  when  the  electric  held  is  in  a  direction  to  decelerate  the  electrons.  Thus 
energy  is  transferred  from  kinetic  energy  of  electrons  into  circuit  energy.  The 
average  velocity  of  the  beam  electrons  is  thereby  decreased. 

After  pasiiing  through  the  output  cavity,  the  electron  beam  Is  of  no  further 
use.  It  emerges  from  the  focusing  magnetic  held  and  is  spread  apart  by  the 
space-charge  repulsion  between  electrons,  The  beam  enters  a  hollow  *'col- 
lector*'  and  is  intercepted  on  the  walls.  The  residual  kinetic  energy  converted 
to  heat  on  the  collector  walls  represents  most  of  the  power  dlulpation  in  the 
klystron. 

At  this  point,  It  may  be  well  to  point  out  some  reasons  for  the  high  power 
capabilities  of  klystrons.  If  the  tul^  operates  ideally,  no  electrons  strike  any 
part  of  the  structure  except  the  collector.  The  rf  circuits,  whose  slxa  is  deter¬ 
mined  by  the  frequency,  do  not  have  to  dissipate  any  power  except  the 
circulating  current  losses.  Since  the  collector  is  not  part  of  the  rf  circuits,  It 
can  be  made  as  large  as  needed. 

In  the  same  vein,  the  klystron  cathode  Is  also  not  a  part  of  the  rf  circuit. 
This  means  there  U  no  extraneous  heating  by  *Jectron  bombardment  or 
circulating  currents.  Also,  since  the  electron  beam  converges  after  leaving 
the  cathode,  the  size  of  the  cathode  and  hence  its  emission  capabilities  are 
limited  only  by  the  cleverness  of  the  designer. 

25.4.3  TbeFloaUng  Drift  Tul>eOacinalor 

For  the  generation  of  large  amounts  of  rf  power  In  Jamming  transmitters, 
tunable  oscillators  have  offered  a  fairly  convenient  method.  There  are  several 
disadvantages  to  a  free-running  oscillator,  such  as  frequency  pulling  by  mis¬ 
matched  antennas  and  pushing  by  voltage  variations.  On  the  other  hand,  the 
ability  to  set  frequency  rapidly  by  tuning  a  single  circuit  makes  the  oscillator 
attractive. 

The  klystron  amplltlcr  described  above  may  be  converted  into  an  oscillator 
by  feeding  part  of  the  output  power  back  Into  the  Input  cavity  in  the  proper 
phase.  The  result  is  a  “iwo-cavlty”  oscillator,  which  may  be  tuned  by  tuning 
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the  Individuii]  cavitlM.  To  eimplify  tuning,  the  two  cevitiee  may  be  combined 
into  a  eingle  cavity  with  two  r(  interaction  gapi.  The  floating  drift  tube 
oscillator  (Reference  15),  iUu'trated  in  Figure  25-15,  is  the  type  which  has 


Fio.  35-13.  Flofttini  drift  tube  oKllUtor.  A  ftlnglt  cavity  with  two  lapa  give  itrong 
fredbtrk  lor  the  uKlltator.  The  rewnant  mode  llluitrated  wai  UMd  In  ECM  oKlllatori. 

been  most  used  in  counterme&sures.  Here  the  electric  Aeld  in  the  cavity  ii 
concentrated  In  the  two  gaps  by  a  conducting  drift  tube  between  them,  'fhe 
cavity  Is  excited  in  its  fundamental  mode,  in  which  the  electric  held  in  the 
two  gaps  is  in  phase  and  In  the  same  direction.  Ideally,  the  drift  tube  could 
really  float*'  with  no  electrical  connection  to  the  outside  cavity.  In  practical 
tubes,  It  is  supported  by  an  arm  from  the  cavity  wall — the  arm  being  posi¬ 
tioned  on  the  electric  field  neutral  plane  of  the  cavity  so  that  circulating  cur¬ 
rents  along  it  are  minimized- 

The  electronic  interaction  in  the  floaflng  drift  tube  oscillator  is  exactly 
the  same  as  that  of  the  klystron  amplifler.  However,  the  fact  that  both  gaps 
are  part  of  the  same  resonant  cavity  adds  the  additional  restraint  that  the 
gap  fields  are  In  phase. 

As  described  above,  the  bunch  of  electrons  is  formed  about  a  reference 
electron  which  crosses  the  first  gap  when  the  held  la  zero  and  becoming 
accelerating.  To  convert  the  beam  energy  in  the  output  gap,  the  bunch  of 
electrons  should  cross  the  gup  when  the  held  Is  at  its  maximum  deceicritting 
value.  One  can  sec  from  this  relation  that  the  transit  time  between  gups 
should  be  y{  of  a  cycle,  or  !)4,  cycles,  etc.  In  most  of  the  practical 

tubes  which  have  been  built,  the  cycle  mode  Is  used,  since  this  cor- 
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reipondu  most  closely  to  the  optimum  trenslt  angle  fur  a  hlgh-power  k!y> 
stron. 

The  floating  drift  tube  oscillator  can  be  amplitude  modulated  by  using  a 
control  grid  to  vary  the  beam  current.  Also,  frequency  modulation  can  be 
produced  by  varying  the  beam  voltage  about  Its  optimum  value.  This  causes 
the  electron  bunches  to  cross  the  output  gap  before  or  after  the  Instant  of 
maximum  retarding  voltage,  The  indvNKi  current  has  a  quadrature  com¬ 
ponent  out  of  phase  with  the  cavity  voltage,  which  pulls  the  frequency  away 
from  its  normal  resonance.  In  this  respect  the  frequency  modulation  action 
Is  the  ssme  as  that  in  the  familiar  reflex  klystron  oscillator.  When  AM  and 
FM  can  be  generated  simultaneously  and  with  independent  ntoduiatlons,  the 
oscillator  ^v^hs  attractive  features  for  Jamming  transmitters. 

!n  tuning  t're  oscillator,  two  adjustments  are  made.  The  resonant  frequency 
of  the  cavity  is  chnngcd  by  a  mechanical  motion.  Also,  since  the  transit  ; 
nngle  between  gaps  must  be  constant,  and  the  velocity  of  the  electron  beam 
i$  proportional  to  the  square  root  of  the  voltage,  the  beam  voltage  must  be 
varied  as  the  square  of  the  frequency. 

25,4,4  Praetlral  Floating  Drift  Tulre  Klystrons 

2S.4.4.1  The  V-22,  SOO-Wnlt  X-Band  Oscillator  (SECRET). 

The  most  highly  developed  floating  drift  tube  oscillator  that  has  been  built 
in  the  Varian  Asm'lates  Model  V-22.  Figure  25-14  shows  a  photograph  of 

t 
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Kill,  i.^-15.  Croiiii  section  of  V~22,  showlnK 
’nit>ort«nt  piirti  of  the  osclilitor.  Mechunl- 
c.hI  (Ivtnilfl  Hre  omitted.  C-«httped  meffncti 
do  not  sho’.  In  this  action.  SKCRKT. 


Flo.  2S-t4,  Photogriph  of  V-22.  500-witt 
OKcltlBtor  uitinR  prrm«ncnt'mft|tnt*t  fucuulnK. 
ShXk/.T 


i 


MECHANICALLY  TUNED  OSCILLATORS  AND  AMPLIFIERS  25-23 

the  device.  Thiu  tube  wii  developed  under  an  Air  Force  prime  contract  with 
W.  L.  Maxson  Company  ai  the  transmitter  in  an  X'-band  airborne  Jammer. 
For  this  service  it  was  desirable  to  cover  a  wide  frequency  range  w!;h  gr/  few 
tubes  as  possible  without  sacrificing  performance.  Two  models  of  the  tube 
were  .milt^  each  covering  1.2:1  range  with  a  single  tuning  ccntrol.  To  give  a 
clearer  idea  of  the  practical  realisation  of  this  kind  of  a  tube,  Figure  25-1 5 
shows  the  essentials  of  the  construction.  The  cathode  is  a  concave  button  of 
tlioriated  tungsten^  heated  by  being  bombarded  f:om  the  rear  by  electrons 
from  a  crude  ^'primary'’  electron  gun.  This  mcrthod  of  heating  is  necessary 
because  the  emitting  temperature  of  thorlated  tungsten  is  so  high  that  heat¬ 
ing  by  thermal  radiation  from  a  Alament  wil!  not  work — the  Alament  would 
melt.  Around  the  cathode  Is  a  tantalum  focusing  electrode  to  define  the  beam, 
and  directly  In  front  of  it  is  the  tungsten  mesh  control  grid. 

The  beam  converges  to  of  Its  initial  diameter  and  Is  magnetically 
focused  through  the  cavity.  In  this  tube,  the  focus  is  provided  by  a  permanent 
magnet,  with  steel  pole  piec^fS  which  arc  a  part  of  the  vacuum  envelope. 

Ilie  resonant  cavity  itself  contains  the  ^'floating*’  drift  tube  supported  on 
a  cop,**er  post  through  which  cooling  water  circulates.  For  tuning,  the  cavity 
is  constructed  as  a  section  of  waveguide  of  weird  shape.  One  end  is  short- 
circuited  and  the  other  terminates  in  a  choke-type  plunger.  The  entire 
cavity,  including  sliding  bearings  for  plunger  alignment,  is  evacuated.  For 
tuning,  the  plunger  Is  moved  by  deforming  a  flexible  metal  bellows. 

The  collector  Is  an  enlarged  hollow  "bucket’^  surrounded  by  cooling  wa 
channels.  In  this  high-power  device,  it  Is  necessary  to  cool  practically^^ 
thing,  including  the  tuning  plungers. 

The  output  power  is  coupled,  through  an  inductive  iris  In  th^^av 
into  the  waveguide.  In  the  waveguide  is  a  frequency-sei:^>iitive  impedance 
transformer.  This  Is  designed  to  transform  a  flat  the  proper  load 

for  the  OKillator  at  any  frequency  In  the  band.  Iprifihls  case  the  load  varies 
considerably.  As  pointed  out  above,  the  be^f  voltage  must  vary  as  the 
square  of  the  frequency.  It  is  generally  des^;^Ie  to  maintain  constant  power, 
so  the  beam  current  is  made  inversely  j;^;(Cportional  to  the  voltage. 


The  impedancej 


s=  constant 

/.  -  n 


VJIo  - 


effective  load  resistance  preiM?ntcd  to  the  beam  should  be  proportional 
0  this  beam  impedance  for  optimurr  energy  transfer.  Tranaformutlon  of  the 
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matched  waveguide  impedance  to  get  the  variation  with  frequency  can  be¬ 
come  difficult  when  large  tinning  rarges  are  involved.  In  the  V-22  it  ii  done 
with  a  frequency-sensitive  transformer  consisting  of  a  section  of  low-im- 
pedanco  wiiveguide  :;djacerit  to  the  coupling  Iris. 

The  output  window  has  always  been  one  of  the  critical  items  of  high- 
pQvv'er  microwave  tubes.  The  V-22  was  designed  before  ceramic-to-metal 
waling  techniques  had  reached  their  present  state  of  reliability,  so  the  out¬ 
put  rrindow  is  a  thin  sheet  of  mica,  sealed  across  the  waveguide  with  a  low- 
melting  glass  u  sealing  cement.  The  dielectric  losses  in  the  mica  are  quite 
small,  and  the  glass  is  in  a  recessed  groove  where  It  is  not  exposed  to  very 
high  electric  fields,  50  the  SfiiCu  windows  have  been  succtsiful  In  operation. 


Op^raiing  Charovi^riMcs  of  iho  V^22,  The  Jamming  transmitter 
for  the  V-22  used  an  amplitude-modulated  signal.  The  modulation  was 
white  noise  with  a  bandwidth  of  10  Me.  This  was  applied  to  the  kly¬ 
stron  grid  as  an  alternating  voltage  with  time-average  of  sere,  which  was 
superposed  on  a  d-c  bias.  The  resulting  beam-current  modulation  governs 
the  rf  output  of  the  oscillator,  as  Illustrated  in  Figure  25-16.  The  foot 

of  this  curve,  or  ‘‘starting  current,’’  represents  the  value  where  the  nega¬ 
tive  conductance  of  the  electron 

beam  (for  small  signals)  exceeds 

the  external  load  conductance  as 
transformed  by  the  cavity.  The 
starting  current  i.s  thus  a  function 
of  the  load  VSWR.  Now  in  apply¬ 
ing  the  noise  modulation  it  Is  highly 
desirable  that  the  negative  modula¬ 
tion  peaks  do  not  drive  the  beam 
current  below  “starling  current,’’  If 
this  happens,  the  signal  contains  a 
base-line  upon  which  a  radar  pulse, 
for  example,  Is  su|>erposed  and  can 
be  read,  'fhls  being  the  case,  the 
l>cHk  modulation  amplitude  was 
chosen  small  enough  .so  that  the 
oscillator  was  not  driven  below 
starting  current  for  the  worst  pre- 
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Kio.  2.S-tO.  AmpUtudr-mo'lulAtlon  chitnic- 
trrUtic,  V-22.  Tho  relation  of  oitciilstor 
output  to  inMiintunmuN  lK*iiin  current  in  n 
function  of  the  losd  conductance.  Curveii 
nre  liiheled  with  tond  conductiince  vulueft. 

SKCRICT. 


dieted  load  match.  (Recent  developments  In  high-power  {.sulntors  can  remove 
this  variable  and  permit  better  performance.) 


MECHANICALLY  TUNED  OSCILLATORS  AND  AMPLIFIERS  25-2S 


A  condensation  of  the  Importiat  characteristics  of  the  V-23  follows: 


Power  Output  (averts*) 

Power  Output  (modulation  peaki) 

Beam  VoUage 

Beam  Cuk^rent  (average) 


Grid  Bit! 

Grid  Modulation  Voltage 

Bandwidth 

Tuning  Rangel 


100  watte 
1000  watte 
7-10  kv 
400  ma 
-f.25  voile 

volu  pfak4o*peik 
20  Me 
7.5-9.1  kMc 
9.1-11.0  kMc 


Figure  2h\1  shews  typical  variation  with  frequency  of  the  power  output, 
beam  voltage,  and  tuner  setting  for  the  low-frequency  V-23. 


Fin.  25-17.  Power  w.  frequency,  V-22. 
Beam  current  It  held  constant  at  0.40 
amp.  Beam  voltage  It  optimum  value, 
proportional  to  SKCRET. 


Flo.  25-lS.  Spectrum, 
V-22.  Nolle  ipectrum 
obtained  by  10-Mc 
white  nolle  on  the  geld, 
Frequency  mirkcri  are 
±  10  Me  from  the  car¬ 
rier.  SFXRET 


The  noise  spectrum  produced  by  beam-current  modulation  turns  out  to 
be  not  Dure  AM,  but  contains  some  frequency  pushing  also.  Figure  25-18 
shows  output  spectra  at  the  low  and  high  ends  of  the  tuning  range,  showing 
carrier  suppression.  The  marker  lines  are  at  ±10  Me  from  the  carrier. 

This  oKillator  was  mechanically  tuned  by  a  motor  drive  with  a  servo 
circuit  for  frequency  setting.  The  speed  was  such  that  *ho  transmitter  could 
be  tuned  across  its  rsnge  In  10  seconds.  The  voltage  con  ;ol  potentiometers 
for  beam  voltage  and  grid  bias  were  ganged  to  the  main  tuning  control  for 
automatic  operation. 

25.4.4.2  The  V-Tl,  5  KW,  X*Dand  Oaefliator.  A  higher-powered 
floating  drift  tube  klystron  was  developed  ip  1054  by  Varinn  Associates 
for  the  Fvnns  Signal  Laboratory,  and  was  intended  for  ground-based  Jam¬ 
ming.  This  was  the  V-71,  rated  at  5  kw  CW  output.  A  photograph  of  the 


UyHtrcn  ii  ihown  in  Figure  25-19.  The  high-power  tube  did  not  reach  the 
piquet  refinement  stage  of  the  500-watt  V  -22,  but  since  it  introduced  some 


rriw 


Fio.  25*29.  Photoi»ph  of  V*7I.  Thli  S-kw  tubs  UMd  tn  tketroRMiMt  (not  iihown) 
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Pio.  25-30.  Henri  of  the  V-71.  A  ilmpUfted  mechentcftS  layout  of  the  5-kw  oiclllator. 

new  featurea  and  represented  the  farthest  development  of  the  klystron 
|)ower  oscillator,  it  is  worth  describing. 

Figure  25-20  shows  a  sImpllAed  cross-section  of  the  heart  of  thn  tube.  It 
is  in  many  respects  a  ^^big  brother’*  version  of  the  V-22,  but  with  some  iin- 
pertant  differences.  It  covers  the  .X'-band  from  ?.S  to  10.5  kMc  in  one  tube 
instead  of  two.  To  achieve  this  tuning  range,  it  was  necessary  to  use  two 
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chokt  plungcri,  one  at  each  end  of  the  waveguide  cavity.  In  thii  way  the 
two  ibortt  are  moved  in  and  out  together,  so  that  the  gape  are  aiwayi  at  the 
central  high-impedance  point  of  the  cavity.  The  e.’iperimentAl  tubes  were 
built  with  independent  tuner  controli,  but  since  exact  synchronUm  i*  not 
neccuary  they  could  easily  be  ganged. 

Ai  explained  in  the  previous  section,  the  velocity  of  the  electrons  between 
gaps  must  be  varied  proportional  to  the  frequency  as  the  tube  is  tuned, 
with  a  1.4:1  frequency  range,  the  affective  beam  voltage  variation  has  to  be 
2:1  to  maintain  the  same  transit  angle.  If  this  were  done  directly,  with  the 
inverse  variation  In  beam  current  to  keep  constant  power,  the  d-c  impedance 
would  vary  by  4:1,  This  dlfhcuity  was  eliminated  In  the  V-71  by  having  the 
drift  tube  insuiaied  lot  d-c  from  the  rest  of  the  tube  body.  The  drift  tube  is 
mechenically  supported  on  an  insulated  pest.  The  capacities  of  the  two  gaps 
in  the  resonant  cavity  are  made  equal  so  that  no  net  current  Is  induced  in 
the  support  post.  Also,  the  post  enters  the  cavity  through  an  rf  choke  section 
for  isolation.  A  bias  voltage  (negative  to  ground)  is  applied  to  the  "floating" 
drift  tube  to  regulate  the  effective  potential  within  It  (with  respect  to  the 
cathode),  which  determines  the  electron  velocity.  Thus  the  main  power-sup- 
ply  voltage  and  current  from  cathode  to  ground  are  not  varied  with  fre¬ 
quency.  A  diagram  of  the  power  supply  and  ntodulatlon  Inputs  to  the  klystron 
is  shown  in  Figure  25-21. 
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Ftfi,  25>;i.  Power  ituppliefl  for  fluMtlnK 
drift  tul)c  oiclDator.  Amplitude  iind  fre- 
(|uency  moduiation  itre  Npplled  ltidet>rntl- 
rntly.  Trannit  angle  In  controlled  by  the 
drift-tube  biai  voltuge. 


By  applying  a  video  modulating 
voltage  to  the  drift  tube,  the  electron 
velocity  and  hence  the  phage  angle  of 
the  rf  current  in  the  output  gap  in 
modulated.  The  effect  l«  exactly  annlo* 
goua  to  modulating  the  beam  voltage 
in  a  convenlfnna]  floating  drift  tube 
o.iclllHtor  or  the  reflector  voltage  In  a 
reflex  kiyntron — the  varying  phaw  an¬ 
gle  of  the  rf  beam  current  puxHeii  the 
oftclllator  frequency  away  from  the 
normal  cavity  resonance  and  produce.^ 
frequency  modubtlon.  Since  the  drift 
tube  draws  very  little  current,  the 
dynamic  modulation  lm|>e(iance  Is  high, 
making  it  easy  to  apply  FM  to  the 
oscillator. 


Amplitude  modulation  Is  produced  i>y  modulating  the  l>ram  current  with 
the  control  grid.  Since  the  amplitude  and  frequency  modulations  arc  largely 
Independent,  varlou.s  combinations  may  be  used. 
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The  operating  characteristic!  of  the  V-71  are: 


Powir  Output  (CW) 

Tuning  Raingo 
Beam  Voliigt 
B«am  Current 
Drift  Tube  Blti 
Bindwldth 

Modulation  Sensitivity  (FM) 
Grid  Modulation  Voltege  (A^ 


a  kw 

7.5-10.3  kMc 
17.5  kv 
3.0  amp 
10.0-3.0  kv 
20  Me 
7  Mc/l;v 

)  ±20  volti  peik4o-p«}ak 


25.4t5  Evaluation  of  Klyetrona 

The  career  of  klystron  oscillator  jammers  was  short,  starting  from  the 
need  for  high-power  high-frequency  tunable  transmitters  and  ending  with 
frequency  agility  radar  technique.^  and  voltage-tunable  jammers. 

Possible  future  development  might  He  in  the  very  high  power  field,  where 
the  klystron  amplifier  has  great  capability.  At  power  levels  above  1  Mw  the 
modern  stagger-tuned  klystron  rivals  the  traveling-wave  ampHUers  in  elK- 
tronlc  bandwidth  (12  percent  achieved  in  one  case).  Saturated  efficiency  of 
40  percent  is  typical.  With  the  stability  and  high  gain  of  the  klystron  ampli¬ 
fier,  the  over-all  system  efficiency  can  approach  this  number. 
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0-Type  Microwave  Tubes 
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26tl  Introduction 

'I  he  practical  development  of  microwave  technology  wai  made  pouible 
by  the  invention  and  development  of  the  magnetron  and  klyitron  tubes, 
which  made  available  large  amounts  of  power  in  the  microwave  range,  that 
if,  from  about  1,000  to  30,000  megacycles  per  second.  With  the  advent  of 
traveling-wave  tubes,  the  two  chief  shortcomings  of  the  former  tubes,  namely, 
their  narrow  bandwidth  and  slow  tuning  capabilities,  were  largely  overcome. 
Thus,  the  door  was  opened  to  a  new  clau  of  applications  in  which  operation 
over  a  very  broad  band  of  frequencies,  and  essentially  instantaneous  tuning, 
are  Important  properties. 

The  held  of  electronic  countermeasures  is  perhaps  the  best  example  of  a 
class  of  applications  in  which  these  unique  features  of  traveling-wave  devices 
can  be  put  to  good  use.  An  amplifier  which  can  simultaneously  receive  sig¬ 
nals  within  a  two-to-one  band  of  the  spectrum  makes  pouible  a  new  class 
of  receiving  systems.  An  oscillator  capable  of  changing  its  frequency  over  a 
wide  range  in  a  few  microseconds  can  be  the  basis  of  a  sophisticated  Jam¬ 
ming  system.  It  is  because  of  these  two  inherent  properties  of  traveling- 
wave  devices,  broad  bandwidth  and  voltage  tuning,  that  their  applicability 
in  electronic  countermeasures  systems  is  so  firmly  established.  In  this  chap¬ 
ter  and  the  next,  the  basic  kinds  of  traveling-wave  devices,  their  principles 
of  operation,  and  their  important  characteristics  will  be  discussed. 

Inasmuch  as  it  would  be  virtually  impossible  to  give  complete  acknowledg- 
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ment  the  many  workeri  reaponilble  for  the  development  of  the  technology 
in  this  chapter,  a  bibliography  of  typical  and  Informative  material  has  been 
prepared,  and  appears  at  the  end.  It  hu  been  arranged  by  subjects,  in  order 
to  facilitate  the  search  for  more  detailed  Information  on  a  particular  matter 
of  interest  to  the  reader. 

26»2  Travalinf-Wave  DavioM 

Traveling-wave  devices  make  use  of  a  gain  or  Interaction  mechanism  be¬ 
tween  an  electron  beam  and  traveling  electromagnetic  wave.  In  contrast, 
klystrons  and  magnetrons  depend  upon  standing  waves  to  produce  the  high- 
frequency  ftelds  with  which  the  l^am  interacts.  Further,  the  interaction 
process  In  a  travelir^g-wave  device  Is  distfibuUd  In  space,  rather  than  being 
localised  as  In  the  klystron.  Since  standing  waves  Imply  repeated  reflections 
back  and  forth  on  a  microwave  circuit,  strong  Aeids  require  resonant  cir¬ 
cuits,  and  standing-wave  devices  are  inherently  narrow  in  bandwidth.  On 
the  other  hand,  traveling  waves  can  be  produced  on  nonrescnant,  broad¬ 
band  circuits,  and  consequently,  traveling-wave  devices  can  operate  over 
extremely  broad  bandwidths.  Since  the  Acids  produced  by  nonresonant  cir¬ 
cuits  are  generally  much  smaller  than  those  of  resonant  circuits,  a  stronger 
Interaction  process  is  required  to  give  a  similar  effect.  This  condition  is  latis- 
Aed  by  the  distributed  nature  of  travellng-¥*ave  interaction,  In  which  the 
gain  mechanism  Is  continuous  and  cumulative  throughout  the  entire  region 
of  the  circuit. 

Traveling-wave  devices  are  classiAed  according  to  the  nature  of  the  inter¬ 
action  process  between  the  beam  and  the  wave.  In  0-Type  tubes,  the  effective 
r-f  electric  Aeld  produced  by  the  traveling  wave  is  parallel  to  the  direction  of 
motion  of  the  beam  of  electrons,  and  produces  a  slowing-down  of  the  aver¬ 
age  velocity  of  the  d-c  beam.  The  wave  Is  amplified  by  the  exchange  of 
energy  from  the  beam  to  the  wave,  and  this  energy  comes  from  the  inltisl 
d-c  kinetic  energy  of  the  electrons.  Generally,  the  beam  is  constrained  to 
move  in  a  straight  line  along  the  axis  of  the  r-f  structure  by  a  strong  mag¬ 
netic  Aeld  or  other  focusing  arrangement.  There  is  no  d-c  electric  Aeld 
present  in  the  interaction  space. 

M-Type  tubes,  or  crossed-Aeld  devices,  operate  on  a  dlAerent  interaction 
process  which  depends,  not  on  a  SiOwing-down  of  the  beam’s  motion  in  the 
direction  of  wave  propagation  but  upon  abstraction  of  energy  from  a  trans¬ 
verse  d-c  electric  AeUi  by  transverse  motion  of  the  electrons.  The  r-f  Aeld 
produced  by  the  traveling  wave  has  components  both  parallel  and  perpen¬ 
dicular  to  the  motion  of  the  beam  which  are  effective;  in  addition  a  d-c 
electric  Aeld  Is  produced  transversely,  across  the  beam,  by  suitable  elec¬ 
trodes.  The  r  (  field,  Instead  of  slowing  down  the  beam,  causes  It  to  move 


0-TYPE  MICROWAVE  TUBES 


36-3 

k  lidowise  direction  towird  the  more-poeltlve  electrode.  The  evertge  ipeed 
of  the  beem  remeine  eewntlklly  unchjuifed;  the  polinttal  energy  of  the  Imm 
la  converted  into  r-t  energy  of  the  wave,  which  ia  therefore  ampliAed.  In 
order  to  keep  the  beam  moving  along  the  axli  of  the  tube,  dceplte  the  atroi.g 
tranaverN  d-c  electric  field,  a  magnetic  field,  perpendicular  to  both  the  tube 
axia  and  the  electric  field,  ia  required. 

(It  ahould  be  noted  that,  while  the  above  deacription  appliea  to  a  Unesr 
M-Type  tube,  it  makea  no  eaaential  difference  whether  the  “tube  axia"  ia  a 
atreight  line,  or  la  wrapped  up  into  a  circle.) 

The  “voitage-tunea  magnetron”  is  uaueliy  cluaed  aa  a  third  type  of  micro- 
wave  tube,  although  the  mechaniam  of  operation  ia  eaaentially  that  of  an 
M-Type  tube,  The  VTM  la  an  OKillator  formed  by  wrapping  an  M-Type 
tube  into  a  circle,  end  cloaing  both  the  circuit  and  the  beam  upon  them- 
Mlvea.  The  raaulting  device  ia  an  oscillator  capable  of  voltage-tuning  over 
an  extremely  wide  range  in  frequency. 

A  summary  of  the  clMslfic£t!os»  of  microwave  travelirg-wave  devicci;  is 
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Fiqukk  26*1  SchtfinAtlc  drawiniti  oi  0-Typc  and  M*Typ«  tubei 

given  In  Figure  26-1.  Thlt  chapter  will  be  concerned  with  the  three  kinds  of 
0-Type  tubes  shown:  (1)  the  forward-wave  ampliher  (FWA)  in  which  the 
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r-f  power  flow  on  the  helix  or  other  circuit  ii  in  the  ume  direction  u  the 
flow  of  clectroni;  (2)  the  beck  ward- wave  emplifler  (BWA)  in  which  the 
direction  of  r-f  power  flow  U  reverud  reietive  to  the  beam  travel;  (3)  the 
back  ‘ard-wave  oecillator  (BWO)  which  if  the  fame  af  th^  BWA,  except 
operated  at  high  enough  current  lo  that  an  output  ii  obtained  without  any 
Input.  The  M-Type  tube*  will  be  taken  up  in  the  next  chapter. 

26.8  The  TFavalinf-Wave  Amplifier 
The  traveling-wave  tube  ii  a  device  which  produces  amplification  of  a 
signal  traveling  along  a  circuit,  by  means  of  distributed  interaction  with  a 
beam  of  siKtrons  moving  parallel  to  the  circuit.  The  Hsential  features  cf 
such  a  tube  are  illustrated  In  Figure  36-3,  and  consist  of  a  slow-wave  cir- 
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rtovKK  26*3  A  trivetlnr-wavt  ampUlUr,  ihowini  ih«  ffiMnllal  flfmcntB 

culti  in  electron  gun  and  focusing  system^  and  an  attenuator,  together  with 
transducers  for  coupling  the  signal  Into  and  out  of  the  circuit. 

The  slow-wave  structure  functions  to  retard  the  phase  velocity  of  the  sig¬ 
nal  wave  to  a  value  substantially  less  than  the  velocity  of  light,  so  that  ap¬ 
proximate  synchronism  can  be  obtained  between  the  signal  wave  and  the 
electron  beam,  for  reasonable  beam  accelerating  voltages.  In  addition,  the 
circuit  must  be  such  that  the  signal  wave  produces  an  r-f  electric  field 
parallel  to  th^  direction  of  beam  motion,  at  least  in  the  region  occupied  by 
the  beam. 

Under  the  proper  conditions  of  near  synchronism,  the  electrons  then  inter¬ 
act  continuously  with  the  wave  over  a  considerable  distance,  resulting  in  a 
conversion  of  the  beam  kinetic  energy  into  signal  energy  on  the  circuit.  It  is 
thus  |>ossible  to  obtain  very  high  ampIlAcatlon  of  the  signal  wave.  Further, 
since  the  slow-wave  structure  can  be  inherently  a  nonresonant  circuit,  in 
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which  the  phue  velocity  U  relatively  ind^ndent  of  the  ilfnal  frequency, 
thli  amplIAcatlon  can  be  obtained  over  an  extremely  broad  band  of  frequen- 
clee,  with  no  mechanical  or  electrical  adjustmenti  whatever. 

26.8.1  Mochaniiiii  of  OporaUon 

For  a  hrikal  ilow-wave  itructure,  If  the  frequency  Is  not  too  low,  the  r«f 
wave  travels  essentially  along  the  wire  at  the  velocity  of  light,  so  that  the 
component  of  Its  velocity  along  the  axis  of  the  helix  Is  reduced  by  a  factor 
closely  approximating  the  ratio  of  helix  pitch  to  helix  circumference.  Further, 
If  the  frequency  is  not  too  high,  this  wave  produces  a  strong  electric  fteld  on 
the  axis  of  the  helix,  which  is  parallel  to  this  axis.  Thus,  if  a  beam  of  elec¬ 
trons  Is  injected  along  the  axis  of  the  helix,  with  a  velodty  which  is  nearly 
synchronous  with  that  of  the  axial  held,  the  electrons  will  be  subjected  to 
slowly  varying  accelerating  and  decelerating  forces.  An  interaetton  takes 
place  between  the  electrons  and  the  Held,  which,  on  Uie  average,  can  cause 
the  electrons  to  give  up  energy  to  the  fleld. 

This  interaction  process,  which  results  In  ampliflcatlon  of  the  signal  wave, 
can  be  understood  by  reference  to  Figure  4 6-3.  Here  it  is  auumed  that  a 

signal  wave  of  constant  amplitude 
is  impressed  on  the  helix,  which 
results  in  a  distribution  of  electric 
held  on  the  axis  as  Indicated  by 
the  curve  in  Figure  36*3a.  (If  the 
observer  moves  along  with  the 
wave,  the  held  distribution  shown 
will  remain  stationary.)  The  polar¬ 
ities  are  so  chosen  that  a  ^sUivr 
ftffid  BCceUrata  the  electrons;  and 
If  the  direction  of  travel  is  taken 
to  the  right,  then  a  positive  held 
produces  motion  to  the  right,  nega¬ 
tive  to  the  left.  Consider  that;  near 
the  Input  end  of  the  tube,  a  uni¬ 
form  distribution  of  electrons  has 
been  injected  into  this  held.  Electrons  which  are  at  positions  labeled  2  and 
5  are  in  sero  Aeld,  and  hence  tend  to  remain  where  they  are.  Electrons  3 
and  4  And  themselves  In  an  accelerating  Aeld,  and  thus  begin  to  move  to  the 
right,  toward  position  5.  Electrons  1  and  6  are  In  a  decelerating  field,  and 
begin  to  move  to  the  left.  The  effect  of  the  electric  Aeld  is  then  to  produce 
a  veliKity  modulation  on  the  beam,  in  such  a  manner  that  bunches  of  elec¬ 
trons  begin  to  form  at  positions  such  as  5.  Siniilerly,  an  '*antl-bunch'’,  or  a 
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deficiency  of  electronii  will  form  at  potltioni  such  at  2.  This  velocity  modu¬ 
lation  and  bunching  proceis  continues  to  take  place  along  the  entire  tube, 
and  If  a  cumulative  proceii.  That  ii,  the  longer  the  beam  ii  subjected  to  the 
held,  the  tighter  the  bunches  grow. 

As  the  circuit  wave  is  affecting  the  beam  as  described  above,  the  bunched 
beam  is  simultaneously  affecting  the  circuit.  A  bunched  beam,  traveling  nea: 
a  circuit  of  this  type,  will  induce  a  wave  on  the  circuit  which,  in  turn,  will 
produce  an  electric  held  on  the  axis.  The  phase  of  this  induced  wave  is  such 
that  the  position  of  the  bunch  coincides  with  the  point  of  maximum  deceler¬ 
ating  force,  as  indicated  in  Figure  26-3c.  The  induced  wave  then  lags  the 
original  signal  wave  by  a  quarter  wavelength.  This  induced  wave  Is  com¬ 
bined  with  the  sigtial  wave  to  produce  the  resultant  wave  in  Figure  26-3d, 
which  has  moved  back  in  phase  somewhat,  with  respect  to  the  bunch.  The 
electrons  In  the  bunch  therefore  see  a  retarding  field,  and  are  slowed  down, 
delivering  energy  to  the  wave  on  the  helix.  The  velocity  modulation  and 
bunching  processes  continue  to  take  place,  even  as  the  bunched  beam  con¬ 
tinues  to  convert  its  kinetic  energy  to  circuit-wave  energy,  and  hence  the 
wave  on  the  circuit  grows  in  amplitude  u  beam  and  wave  move  down  the 
tube.  The  bunching  becomes  more  complete;  since  the  Induced  wave  grows 
in  amplitude,  the  resultant  wave  falls  farther  behind  the  bunch,  and  the 
bunch  therefore  sees  a  stronger  retarding  field.  Thus,  a  large  and  increasing 
amount  of  energy  Is  delivered  to  the  wave  on  the  helix,  which  rapidly  be¬ 
comes  much  larger  than  the  original  signal.  Analysis  shows  that  the  wave 
on  the  helix  eventually  increases  exponentially  with  distance,  and  large 
power  amplifications  can  easily  be  attained,  30  to  60  decibels  being  typical. 

26i3t2  Slow-Wave  Siructuree 

The  siow-wave  structure  for  an  0-Type  traveling-wave  tube  must  satisfy 
two  basic  requirements.  First,  it  must  produce  an  axial  electric  field  at  the 
position  of  the  beam*  and  second,  the  phase  velocity  of  the  wave  producing 
this  held  must  be  smaller  than  the  velocity  of  light.  There  exist  many  classes 
of  structures  which  satisfy  these  requirements,  and  are  thus  potential  cir¬ 
cuits  for  traveling-wave  devices. 

The  most  common  structure  used  in  ampHAers  Is  the  helix,  which  not  only 
satisAes  the  above  requirements,  but  does  so  over  an  enormous  range  of  fre¬ 
quencies.  Thus,  helix-type  ampliAers  can  typically  be  built  to  amplify  over 
a  two-to-one  range  with  ±3  decitiel  variation  in  gain,  and  even  higher  ratios 
are  practicable. 

The  most  serious  limitation  of  the  helix  Is  its  relatively  low  power-handling 
capacity.  A  slow-wave  circuit  must  be  able  to  withstand  both  the  heat  gen¬ 
erated  by  ohmic  losses  due  to  the  signal  itself,  and  also  the  dissipation  due 
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to  any  beam  Interception  which  may  occur  from  im[^rfcct  focusing.  All 
attempts  to  increase  the  power-dissipating  ability  of  the  helix  have  met  with 
succees  only  at  the  expense  of  some  other  desirable  property^  generally  its 
bandwidth. 

Some  alternative  structures  are  shown 
In  Figure  26-4.  The  disc-loaded  wave¬ 
guide  is  one  of  the  simplest  slow-wave 
structures  which  has  excellent  power- 
handling  ability^  but  it  is  a  dispersive 
circuit,  tha  is,  the  wave  velocity  varies 
with  frequency.  Therefore,  the  frequency 
range  over  which  near-synchronlsm  be¬ 
tween  the  beam  and  wave  is  obtained 
will  be  smaller  than  for  a  helix,  and 
hence  the  bandwidth  Is  smaller.  The 
other  structures  shown  are  typical  of 
high-power  pulsed  traveling-wave  ampll- 
Aers,  and  represent  reAnementa  designed 
to  raise  the  dissipation  ability  and  yet 
maintain  as  wide  a  bandwidth  as  pos¬ 
sible. 


26t3fS  AUettualora 

Since  the  slov/-wAve  circuit  can  carry 
a  signal  tn  either  direction,  a  traveling- 
^  wave  ampllAer  has  a  built-in  feedback 

path  if  end  matches  are  not  perfect.  In 
order  to  stabilise  such  an  ampllAer,  sutiiv 
means  must  b«  provided  to  prevent  the 
large  output  signal  from  reaching  the 
input.  This  Is  accomplished  by  loading 
the  slow-wave  structure  with  an  at¬ 
tenuator  made  of  some  lossy  material  at 
Fkiusk  76-4  Some  ilow-wave  iiruc-  n  |>oinl  reasonably  close  to  the  input  end 
turn  ih#t  esn  br  uwti  in  travriinu-  attenuation  of  a  wave 

wavr  tube*  traveling  toward  the  input  must  exceed 

the  net  forward  gain  of  the  tube  to  prevent  oscillation;  and  usually  exceeds  the 
gain  by  20  to  30  decibels  or  so,  in  order  to  prevent  regenerative  **  wiggles”  In  the 
gain  versus  frequency  curve.  If  the  attenuator  is  bilateral,  It  will  affect  the 
wave  traveling  toward  the  output  in  the  same  way  as  the  reflected  wave,  and 
hence  the  gain  is  reduced.  However,  since  the  bunched  beam  Is  not  directly 
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affected  by  the  attenuator^  the  reduction  In  gain  if  left  than  6  decibeb^  for 
a  lection  In  which  the  attenuation  is  infinite.  It  is  therefore  possible  to  obtain 
substantial  gain,  with  good  siibility. 

In  low-power  tubes,  the  attenuator  commonly  takes  the  form  of  a  coaikug 
of  colloidal  graphite  (Aquadag)  brushed  or  sprayed  on  the  glass  enveUi^ie  or 
on  ceramic  rods  used  to  support  the  helix.  In  medium-power  tubes,  cov>t  Icd- 
helix  attenuators  are  often  wound  of  lossy  wire  which  are  then  placed  over 
the  outside  of  the  tube  envelope.  Special  Imprefnated-ceramlc  materials  are 
being  developed  for  higb-power  tubes. 

The  placement  and  distribution  of  the  attenuator  has  a  critical  effect  on 
the  efffciency  of  high-power  tubes.  It  has  been  found  that  a  relatively  short 
length  of  attenuation  placed  near  (but  not  at)  the  input  gives  the  optimum 
efficiency.  The  output  section  of  the  circuit  should  be  as  nearly  loss-free  as 
possible. 

It  Is  also  important  to  provide  a  smooth  transition  into  the  attenuator,  so 
that  the  circuit  waves  will  be  absorbed  without  appreciable  reflection.  Other¬ 
wise,  feedback  oscillations  may  occur  in  the  sections  of  the  tube  outside  the 
attenuator. 

A  TWT  with  a  properly-applied  attenuator  is  essentially  a  stable  unilateral 
amplifier,  with  high  tain  In  one  direction,  and  high  loss  in  the  opposite  direc¬ 
tion. 

26.3.4  Guns  and  Foeuslng 

The  electron  guns  used  in  TWTi  are  generally  high-current,  low-voltage 
sources.  For  this  reason,  space-charge  effects  usually  determine  the  limits  on 
what  kinds  of  beams  can  be  produced  and  nulntained.  In  addition,  because 
of  the  nature  of  the  Interaction  process,  beams  with  large  ratios  of  length  to 
croH  lection  are  required.  Thus,  some  method  of  focusing  is  essential,  to 
prevent  the  beam  from  spreading  apart  under  the  influence  of  Its  space- 
charge  forces. 

In  early  versions,  TWTi  were  Immersed  in  strong  axial  magnetic  fields, 
which  constrained  the  beam  to  move  along  a  straight  line.  In  that  case,  a 
parallel-flow  Pierce-type  electron  gun  could  produce  the  desired  beam,  as 
illustrated  in  Figure  26-5a.  The  situation  where  the  magnetic  field  threads 
the  cathode  Is  called  '^confined  flow’^  since  the  electrons  are  conflned  to 
straiphtline  paths  from  emission  to  collection.  The  requirement  for  a  strong 
magnetic  fleid  implies  the  need  for  a  solenoid  enclosing  the  tube  and  its  cap¬ 
sule.  Since  the  weight,  bulkiness,  and  (>ower  lots  of  a  solenoid  is  objectionable 
in  many  applications,  a  good  deal  of  effort  has  gone  into  the  development  of 
other  methods  of  beam  focusing. 

A  substantial  reduction  in  the  magnet  requirements  can  be  obtained  by 
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ibitldiiif  tb«  gun  from  the  field,  which 
caufM  the  beun  to  q>in  ilightly  u  it  enleri 
the  intcriction  region  of  the  tube.  In  tbli 
condition,  the  beem  ii  said  to  be  "megneti* 
cally  focuied",  in  “Brillouin  flow",  A  diitinct 
•dvantege  of  this  lituetion  is  thit  the  gun 
is  no  longer  in  e  strong  megnetic  field,  and 
a  converging  geometry  can  be  used,  u  in 
Figure  36-5b.  Thus,  the  current  density  that 
can  be  obtained  in  the  beam  is  higher  than 
for  confined  flow.  This  focusing  method  is 
almost  universally  used  in  high-power  solid- 
beam  devicM. 

In  low-power  tubes,  the  solenoid  can  bs 
completely  eliminated  by  the  use  of  perma¬ 
nent  magnets  or  elsctrostatic  fields.  The  most 
common  scheme  in  use  of  TVTs,  employs 
dlK-shaped  permanent  magnots  which  pro¬ 
duce  a  periodically-alternating  axial  field. 
_  „  ,  This  system,  shown  In  Figure  26-6,  has  been 

PK.ox.2M  Pi.re.-typ..l«tron,xn.  .uccessfully  applied  to  tubes  producing  up  to 
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about  a  watt  of  output  power f  roughiy  from  S*band  to  X-band. 

It  is  possible  to  produce  a  uniform  field  in  the  region  of  the  beam  by  the 
use  of  a  properly-shaped  pernunent  magnet,  and  reasonably  light  weights 
can  be  attaint  at  S-band  and  above. 

At  frequencies  below  about  one  kilomegacycle,  hollow  beams  are  generally 
used,  for  reasons  having  to  do  with  practical  limits  on  the  length  of  the  tube 
(see  Section  26.5).  Other  than  confined  flow,  which  requires  very  large 
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shitldinf  th«  gun  from  the  fl«Id|  which 
cauMS  th«  bMin  to  tllghtly  m  it  enttri 
th«  ‘nteraction  raglon  of  the  tuba.  In  thli 
condition,  tha  baani  ta  laid  to  ba  "magnati- 
cally  focused”,  in  ”Brillouin  flow”.  A  distinct 
advantaga  of  this  situation  is  that  tha  gun 
is  no  longer  in  a  strong  magnetic  flald,  and 
a  converging  gaomatry  can  ba  used,  u  in 
Figure  36-Sb.  Thus,  tha  current  density  that 
can  be  obtained  in  tha  beam  is  higher  than 
for  confined  flow.  This  focusing  method  is 
almost  universally  used  in  hIgh-power  solid- 
beam  devices. 

In  low-power  tubes,  the  solenoid  can  be 
completely  eliminated  by  the  use  of  perma¬ 
nent  magnets  or  electrostatic  flelds.  The  most 
common  Kheme  in  use  of  TWTs,  employs 
diK-shaped  permanent  magnets  which  pro¬ 
duce  a  periodically-alternating  axial  field. 
This  system,  shown  in  Figure  36-6,  has  been 
succeufully  applied  to  tubM  producing  up  to 
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about  a  watt  of  output  power^  roughly  from  S-band  to  X-band. 

It  ii  possible  to  produce  a  uniform  field  In  the  region  of  the  beam  by  the 
use  of  a  properly-shaped  permanerst  magnet,  and  reasonably  light  weights 
can  be  attained  at  S-band  and  above. 

At  frequencies  below  about  one  kilomegacycle,  hollow  beams  are  generally 
used,  for  reasons  having  to  do  with  practical  limits  on  the  length  of  the  tube 
(see  Section  26.5).  Other  than  confined  flow,  which  requires  very  large 
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lolenoldi  it  thiie  friqumcSet,  the  meet  promielttf  foeut<B(  methods  turn 
out  to  be  pritnirlly  electrostatic.  Development  of  lightweight  focusing  systems 
for  hollow  beams  has  not  reached  a  state  comparable  to  that  for  solid  beams, 
but  some  of  the  more  promising  avenues  include:  combinations  of  periodic 
electrostatic  fields  and  a  uniform  (radial)  Held;  periodic  fields  both  inside 
and  nutfiide  the  beam;  uniform  radial  field  acting  on  a  spinning  beam;  and 
periodic  magnetic  fields  in  combination  with  uniform  or  periodic  electric 
fields. 

The  electron  guns  used  in  TWTs  are  generally  of  the  ^erce  type,  shown 
in  Figure  26-S,  nonconverging  or  convergent,  depending  on  the  fKUsing 
method  used,  llie  pcrveance  of  these  guns  is  limited,  approaebinf;  about 
2x10'*  for  solid  beams.  Other  types  are  available,  such  as  the  MUller  gun  or 
the  Hell  gun,  shown  in  Figure  26-7,  when  stmewhat  higher  perveancea  are 
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required.  In  all  ctiei,  the  aim  li  to  control  the  beam  trajectory  in  the  gun, 
by  a  balancing  cf  space^harge  forcei,  accompliihed  by  beam-forming  elec- 
troder. 


26.S.5  Bandwidth  and  Gain 

The  amplification  proem  In  traveling-wave  devicei  U  Inherently  non* 
and  ar.  a  reiult,  ampilftcstion  can  be  obtained  over  very  wliie 
bandwidths.  The  principal  factors  which  cauie  the  gain  to  vary  with  fre¬ 
quency  are:  (1)  variation  In  the  velocity  of  the  wave  on  the  circuit  with 
which  the  beam  interacts;  (dT)  variation  !n  the  effective  length  of  the  tube, 
In  wavelengths;  (3)  variation  in  the  strength  of  the  axial  electric  held  at 
the  position  of  the  beam;  (4)  variations  of  the  Impidance  match  at  the 
input  and  output  transducers,  and  at  the  attenuator. 

The  helix  circuit  (Section  26.3.2)  is  particularly  suited  to  achieving  wide^ 
band  operation.  The  wave  velocity  on  a  helix  Is  relatively  independent  of 
frequency  over  a  wide  range.  Furthermore,  the  strength  of  the  axial  held 
decreases  in  such  a  way,  with  Increasing  frequency,  that  this  factor  tends  to 
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compcnuta  for  th«  incrcailng  number  of  wavelengths  along  the  tube.  Thus, 
the  deslgiii  paremetcrs  can  b«  chosen  so  that  the  gain  versus  frequency  curve 
reaches  a  vsry  broad  peak  near  the  center  of  the  operating  band.  Another 
Important  consideration  is  the  ease  with  which  helices  can  be  fabricated. 
Finally,  it  is  possible  to  obtain  an  excellent  impede 'natclt  to  a  helix  over 
a  large  frequency  range.  A  typical  cur/t  of  gain  versus  frequency  for  a 
h^*ix-type  tube  is  shown  In  Figure  26-8, 


Kmiiiix  76.S  TyplesI  curve  of  AmpUAcAtlon 
of  A  tr»vclln|-WAvt  lub«  ai  a  function  of 
frequency 


The  fmall-signal  gain  of  a  traveilng-wave  ampHAer  dopendi  In  a  compli¬ 
cated  way  on  a  number  of  parameteri,  Including  the  length  of  the  circulti 
the  beam  voltage  and  current^  the  helix  Interaction  Impedance,  and  circuit 
attenuation.  Typically,  itable  galna  of  from  30  to  60  decll>e!s  can  be 
achieved  In  a  single  tube. 

26.8t6  NonllnaarltiM 

A  typical  curve  of  output  power  versus  Input  power  for  a  TWT  Is  shown 
In  Figure  26-9.  The  characteristic  Is  linear  up  to  a  point  approximately  six 
decibels  below  maximum  output,  then  begins  to  Mturate,  reaches  a  maxi¬ 
mum,  and  then  drops  off  as  the  Input  continues  to  Increase.  If  operation  is 
well  below  saturation  the  tube  behaves  as  a  linear  amplIAer  with  negligible 
nonlinear  effects.  As  the  input  signal  level  Is  raised,  however,  the  bunching 
of  the  beam  becomes  nonsinusoldal,  and  some  important  nonlinear  effects 
begin  to  take  place. 

Umitinm,  If  only  one  signal  Is  present,  the  most  important  nonlinear  effect 
Is  a  compression,  or  limiting,  as  indicated  by  the  Input-output  curve.  At  the 
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of  output  powtr 
fti  a  function 
of  Input  powtr 


point  of  maxisnum  output,  a  rtla- 
tivtly  large  variation  in  the  input 
power  (about  10  db)  cautet  only  a 
aniall  variation  In  the  output  (about 
2  db).  If  the  lignal  to  be  amplified 
contalna  amplitude  modulation,  thii 
modulation  will  be  compreaeed  or 
largely  removed  idien  the  tube  li 
operated  near  uturaiJon.  At  the 
saturation  point,  distortion  of  the 
modulation  algnal  is  large.  This  lim¬ 
iting  property  can  be  emphasises! 
by  proper  design,  if  desired,  to  ob¬ 
tain  a  much  broader  saturation 
curve.  A  drawback  of  such  traveling- 
wave  limiters  is  the  relatively  Urge 
amount  of  phase  distortion  en¬ 
countered  In  the  region  of  saturation. 

Harmonks,  In  the  saturation  region,  the  bunched  beam  contaliu  harmonics 
of  the  fundamental  signal  frequency.  If  these  harmonics  He  within  the  pass- 
l)and  of  the  tube,  they  can  be  coupled  out,  and  will  appear  In  the  output. 
Generally,  the  double-frequency  component  Is  the  only  harmonic  of  practical 
importance. 

Mixing.  When  two  or  more  signals  are  present  simultaneously,  one  of 
which  is  strong  enough  to  drive  the  tube  into  the  saturation  region,  inter¬ 
modulation  products  or  beat-frequency  components  are  produced,  as  In  any 
nonlin#iftr  device.  The  outputs  obtained  at  the  beat  frequencies  depend  not 
only  on  the  strengths  of  the  beating  signals  and  the  curvature  of  the  char¬ 
acteristic,  but  also  on  the  gain  of  the  traveling-wave  tube  at  the  beat  fre¬ 
quencies.  The  efAciency  of  the  output  transducer  also  enters  In  here.  It  (s 
possible  to  build  traveling-wave  mixers  which  emphasize  these  effects,  and 
put  out  essentially  full  saturated  power  at  a  selected  beat  frequency. 

Prequtney  Conversion.  A  traveling-wave  ampilAer  can  be  made  to  oscil¬ 
late  by  the  use  of  internal  or  external  feedback,  and  the  level  of  the  output 
Is  determined  by  the  saturation  characteristic.  If  a  small  signal  at  another 
frequency  is  introduced  into  the  tube,  a  beat  will  be  formed  by  mixing  with 
the  large  oscillation  signal,  producing  an  output.  This  process  la  not  essen¬ 
tially  different  from  mixing,  except  that  the  local  oscillator  signal  is  sup¬ 
plied  by  the  traveling-wave  tube  itself. 

Signal  Suppression.  When  two  large  signals  are  present  simultaneously, 
the  nonlinear  effects  are  more  complex.  The  interaction  between  the  two  fre- 
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quencie*  U  *uch  that  the  output  at  etch  frequency  i»  ieee  than  that  which 
would  be  obtained  if  only  one  of  the  fifinala  were  present.  In  fact,  the  total 
output  for  both  lignali  ii  generally  lew  than  the  lum  of  the  output*  for 
each  eeparately.  The  practical  reiult  I*  that  the  etfKtivc  gain  for  one  Axed 
input  is  decreaied  when  another  ilgnal  I*  introduced,  If  both  are  in  the 
laturatlon  region.  A  typical  curve  showing  this  effect  is  given  In  Figure 
26-10.  Here,  the  input  power  Pi  at  frequency  }i  remains  constant  at  a  value 
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corrMpondIng  to  an  output  3  db  below  Mtumtion.  Input  power  Pa  at  /a  is 
varied  from  aero  up  to  saturation,  and  is  plotted  as  the  abKisia.  The  two 
output  powers  Qi  and  Qa  et  /i  and  /a  are  shown  as  the  ordinate.  Also  shown 
(dotted)  is  the  saturation  curve  for  signal  2  alone  (Pt  =  0).  It  can  be  seen 
that  the  signal  at  frequency  /i  is  suppressed  more  and  more  as  the  other 
signal  increases. 

26tSs7  Power  Tubea 

Large  amounts  of  c-w  power  can  be  obtained  from  traveling-wave  tubes 
with  reasonable  efnclencies,  over  relatively  large  bandwld^h.s.  The  primary 
limitation  on  the  output  power  of  a  TWT  is  the  dissipation  ability  of  the 
circuit,  which  is  relatively  low  in  the  case  of  the  broadband  heli>  Larger 
output  powers  can  be  obtained,  then,  cither  by  going  to  another  kind  of 
circuit,  which  Invariably  reduces  the  bandwidth,  or  by  reducing  the  average 
dissipation  by  going  to  pulsed  operation,  or  both. 

The  efficiency  of  a  TWT,  which  Is  dehned  as  the  ratio  of  maximum  out¬ 
put-signal  power  to  beam  power,  depends  critically  upon  several  design 
parameters.  Kfi^ciencies  as  high  as  50  percent  have  been  achieved,  with 
values  from  about  10  to  35  percent  being  typical  for  practical  tubes. 
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Continuous-wm^  output  powers  obtainsble  in  travellng-wive  tubes  ranite 
up  to  about  200  watts  at  S-band,  with  commercially-avtilable  tubes  pres¬ 
ently  In  the  range  of  1  to  100  watts.  At  X-band,  tubM  are  at  present  avail¬ 
able  at  the  100-watt  level. 

Under  pulsed  conditions,  output  powers  up  to  a  megawatt  at  S-band  have 
been  obtained  in  a  commercial  tube. 

26«S»8  Low-Noise  Rocelving  Tuboe 

The  noise  output  of  beam-type  devices  ordinarily  originates  at  the  heated 
cathode,  where  electrons  are  emitted  with  a  random  distribution  of  velocitin. 
Special  techniques  have  evolved  to  reduce  the  amount  of  noise  which  origi¬ 
nates  in  traveling-wave  tubes,  and  it  has  been  possible  to  obtain  very  low 
noise  figures  by  careful  attention  to  the  design  of  the  gun  and  accelerating 
regions  of  the  tube. 

Although  the  factors  which  determine  the  lower  limit  to  the  nolM  Aguro 
attainable  in  beam-type  microwave  tubes  are  not  yet  completely  understooc, 
it  has  been  found  that  the  condition  of  the  cathc^  surface  is  of  some  im¬ 
portance  to  low-noise  performance.  Thus,  careful  fabrication,  construction 
and  processing  of  the  tube  are  essential,  as  well  as  proper  design  of  the 
sccelereting-pctential  profile  and  interaction  region  of  the  tube.  In  opera¬ 
tion,  the  noise  figure  of  a  given  tube  depends  on  the  proper  adjustment  of 
cathode  temperature,  electrode  voltages,  and  the  alignment  of  the  tube  in 
the  focusing  field. 

At  present,  commercial  tubes  are  available  at  S-band  whose  noise  figures 
are  as  low  ss  2  to  3  decibels,  with  gains  about  23  (iecibeli,  and  outputs  near 
one  milliwatt.  At  X-band,  the  noise  figure  is  about  5  uccIHels,  with  lower 
values  having  been  measured  in  the  laboratory. 

26.3.9  Moflulatlon  and  G>ntrol 

Amplitude  or  phase  modulation  can  be  produced  In  a  traveling-wave  am¬ 
plifier  by  appropriate  variations  cf  the  beam  current  or  beam  voltage.  This 
property  makes  possible  a  number  of  attractive  master-usclllator  power- 
amplifier  ap|)!!cationj,  in  which  the  desired  modulation  of  the  signal  can  be 
accomplished,  without  the  usual  difficulties  which  arise  when  an  oKillator  is 
modulated  directly. 

Amplitude  modulation  results  when  the  beam  current  is  varied,  usually  by 
means  of  a  control  grid  in  the  gan,  while  a  constant  signal  is  applied  at  the 
input.  Incidental  phase  modulation  is  also  produced  in  this  case,  and  thus 
the  method  may  be  limited  to  those  applicatlon.i  where  the  r-f  phase  Is 
relatively  unimportant. 

Phase  modulation  occurs  when  the  helix  voltage  changes:  because  of  the 
change  In  the  velocity  of  the  beam,  and  therefore,  the  number  of  w.ave- 
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lengths  on  the  tube.  Since  the  gain  of  the  tube  depends  rather  crlUcelly  on 
synchronism  between  *he  wive  end  the  beam,  the  helix  voltage  can  be 
changed  only  by  a  r  U  amount  before  incidental  amplitude  modulation 
becomes  serious.  In  a  typical  traveling-wave  tube,  a  ,  'uue  deviation  of 
about  J60  degrees  can  be  obtained,  with  only  a  few  decibels  change  in  the 
output  level;  this  is  for  a  helix-voltage  change  of  50  volts. 

While  the  phase  deviation  may  be  limited  to  about  360  degrees,  an  un¬ 
limited  deviation  can  be  effectively  simulated  by  applying  a  sawtooth  wave¬ 
form  to  the  helix,  such  that  the  360  degrees  shift  is  continuously  repeated. 
The  TWT  operated  in  this  mode  is  called  a  $irrodyn$.  The  effect  is  to  add  or 
subtract  one  full  cycle  of  the  r-f  signal  during  each  period  of  the  sawtooth, 
and  thus  the  frequency  of  the  output  signal  Is  shifted  with  respect  to  the 
Input  frequency,  the  amount  of  the  shift  being  equal  to  the  frequency  of 
the  sawtooth.  Under  ideal  conditions,  when  the  peak  voltage  change  on  the 
helix  is  exactly  that  which  produces  360  degrees  phase  shift,  and  the  flyback 
time  of  the  uwtooth  is  aero,  the  spectral  content  of  the  output  coasists 
purely  of  the  shifted  signal.  In  a  prtictical  case,  the  shifted  signal  can  be 
made  more  than  ten  decibels  greater  than  any  other  component.  The  ser- 
fodyne  flnds  application  in  doppler  simulation,  single-sideband  generation, 
and  wideband  frequency  modulation,  among  others. 

A  wide  variety  of  combinations  of  amplitude  ar«d  phase  modulation  is 
possible  with  a  TWT,  which  allows  the  synthesis  of  practically  any  kind  of 
microwave  spectral  distribution  within  the  bandwidth  llmitatloni  of  the  tube 
and  lu  modulating  electrodes.  For  example,  balanced,  or  suppressed-carrier 
modulation  can  be  accomplished  by  amplitude-modulating  with  a  full-wave- 
rectifled  signal,  and  simultaneously  reversing  the  phase  wUh  a  square- wave 
version  of  the  signal  applied  to  the  helix.  See  Figure  26-11. 

Thus,  the  traveling-wave  anipllfler  Is  an  extremely  flexible  device  for  pro¬ 
ducing  a  wide  range  of  different  kinds  of  microwave  signals,  and  Is  capable 
of  accomplishing  this  over  a  large  frequency  range  without  need  for  any 
mechanical  tuning  adjustments. 

In  certain  applications,  the  transient  response  of  a  TWT  Is  of  lmtH)rtance. 
Although  the  transient  behavior  is  quite  complex  in  such  a  distributed- 
interaction  device,  some  general  statements  about  the  rise  tlnces  and  delays 
can  be  made.  First,  the  delay  times  for  forward-wave  amptiflers  are  of  the 
order  of  magnitude  of  the  time  required  for  the  signal  to  travel  down  the 
ilow-wave  structure,  which  In  turn  Is  approximately  the  same  as  the  beam 
triinait  time. 

If  the  signal  input  is  pulsed  cn  while  the  beam  remains  on,  the  rise  time 
of  the  output  signal  depends  on  the  steady-state  bandwidth  characteristics 
of  the  tube;  for  broadband,  nondispersivc  tubes,  the  output  rise  time  is  very 
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of  the  ord^r  cf  one  or  two  cycles  of  the  r«f  slgnil;  for  narrow-band 
dispersive  tubes,  the  rise  time  is  larger  by  perhaps  an  order  of  magnitude^ 
depending  on  the  details  of  the  steady-state  response  and  the  tube  para¬ 
meters.  In  a  typical  dispersive  tube,  the  rise  time  Is  about  equal  to  the  beam 
transit  time. 

When  a  continuous  signal  is  applied  to  the  input,  and  the  beam  Is  pulsed 
on,  several  simultaneous  phenomena  take  place,  which  again  depend  on  the 
bandv.idth  characteristics  of  the  tube.  Rise  times  typical  of  S-band  lubes 
are  from  perhaps  15  to  50  millimicroseconds.  A  pulse  1  beam  tends  to  excite 
video-frequency  responses  on  the  circuit,  and  if  the  input  and  output  coup¬ 
lers  are  not  well  matched  at  video  frequencies  (as  Is  usually  the  case)  the 
circuit  wil!  “ring”,  producing  an  oscillatory  distortion  on  the  r-f  output 
envelope.  This  effect  will  be  minimised  In  a  tube  Intended  for  pulsed-bMm 
operation;  otherwise,  these  transients  can  persist  for  several  hundred  mil¬ 
limicroseconds.  In  a  typical  tube  intended  for  pulse  modulation  of  S-band 
signals,  the  rise  time  is  20  m/oec  and  the  deky  about  the  same. 

26ti  Barkwartl-Wave  Osclllatora  and  Anipllflers 
Backward-wave  devices  are  similar  In  many  respects  to  the  traveling- 
wave  amplifter  discussed  above.  The  interaction  process  lakes  pkee  between 
the  electron  beam  and  a  slow  wave  on  the  circuit  which  travels  parallel  to 
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the  betm  and  esceru  !on|ltudinal  forces  on  the  electrons,  Bunchlnf  of  the 
beam  takes  placoi  and  the  kinetic  energy  of  the  bearri  is  converted  into  a-c 
power  on  the  circuit.  However,  in  contrut  with  the  travellng^wave  ampH- 
fler,  the  backward-wave  tube  U  Inherency  regerierative,  The  difference  is 
due  to  the  fact  that  the  beam  interacts  with  a  backward  wave,  that  Is,  a 
wave  with  oppositely-directed  phase  and  group  velocities.  To  obtain  interac¬ 
tion  the  electron  velocity  must  be  synchronise  with  the  phat  velocity  of  a 
wave  on  the  circuit,  and  the  result  is  that  the  direction  of  the  flow  of  r-f 
energy  on  the  circuit  is  opposite  to  that  of  the  electrons,  rMuIting  In  a  built- 
in  feedback  mechanism. 

An  important  property  of  backward  waves  is  that  the  phase  velocity  is  a 
strongly-varying  function  of  frequency;  i.e.,  backward  waves  are  inherently 
dispersive.  A  direct  result  is  that,  for  a  given  beam  velocity,  interaction  can 
take  place  only  over  a  narrow  band  of  frequencies,  and,  for  fairly  weak 
interaction,  the  device  acts  as  a  narrow-band  regenerative  amplifter.  Since 
the  frequency  at  which  this  interaction  takes  place  depends  on  the  electron 
velocity,  the  amplifier  can  be  continuously  tuned  by  chimging  the  beam  volt¬ 
age.  For  stronger  interaction  (more  beam  current),  the  internal  feedback 
mechanism  causes  the  device  to  break  into  oscillation  at  a  frequency  again 
determined  by  the  beam  velocity.  Thus,  the  backward-wave  tube  has  the 
unusual  property  of  being  voUage-tuned.  From  the  standpoint  of  counter- 
mecsures  applications,  this  Is  a  most  Important  feature,  since  it  makes  pos¬ 
sible  rapid  tuning  of  microwave  oscillators  and  amplifters,  thus  opening  the 
door  to  a  new  class  of  syetenis  based  on  rapid  tunablllty  over  broad  band- 
widths. 

26.4.1  Meehaniem  of  Operatien 

The  operation  of  backward-wave  tubes  can  be  understood  by  considering 

a  simple  structure  on  which  a  bnckwird 
wave  can  propagate,  such  at  the  folded 
transmiuion  line  shown  in  Figure  26-12. 
This  structure  can  be  viewed  as  a  strip 
line  or  a  waveguide,  winding  back  und 
forth  u|x)n  itself,  with  a  scries  of  holes 
through  which  the  electron  beam  can  pass. 
For  a  TE  mode  on  the  guide,  the  electric 
held  will  then  be  directed  along  the  line 
of  motion  of  the  beam  at  the  points  where 
the  beam  crosses  the  guide,  and  thus 
the  beam  *‘sees’*  longitudinal  accelerating 
and  decelerating  fields,  separated  by  drift 


yiouKE  26  U  Fold«d*liri«  circuit  for  « 
bsckwsrd'Wive  tube 


regions  in  which  there  are  no  fields. 
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AMumlng  a  wav*  cxiats  on  the  itructure,  and  U  travtting  from  right  to 
kft,  we  can  deterntine  tb«  effect  of  thU  wave  on  the  elactrons  aa  they  en¬ 
counter  the  fleldi  at  the  eucceuive  gape.  Figure  26- 13a  thowt  the  situation 


It  t  ttti 

Fiovii<4  26- 1 J  DUgr&m  Hluitrittag  IntcrKCtlon  proceu  in  a  Uckward^wavf  tub# 

ftt  the  firftt  gap  at  the  initant  when  the  electric  f^eld  U  aero,  and  going  ac¬ 
celerating.  (The  arrows  Indicate  the  direction  of  the  force  on  an  electron.) 
At  this  instant,  a  reference  electron  1  passes  through  the  g^p,  experiencing 
no  force.  An  earlier  electron  2  had  encountered  a  decelerating  held,  and  had 
been  slowed  down;  a  later  electron  3  will  encounter  an  accelerating  held, 
and  be  speeded  up.  Thus,  velocity  modulation  occurs  at  this  gap,  Just  as  in 
a  klystron  gap.  It  can  be  seen  that  both  2  and  3  will  move  toward  1,  and 
thus  electron  I,  our  reference,  will  be  in  the  center  of  a  bunch. 

Next,  consider  the  situation  when  cur  reference  electron  reaches  the 
second  gap.  This  occurs  at  a  time  T,  =  d/uo  seconds  later,  where  Uq  Is  the 
electron  velocity,  and  d  Is*  its  path  length  between  gaps.  If,  during  this  fuime 
time,  the  wave  on  the  structure  trnveb  with  such  a  speed  that  the  next  lero 
Just  arrives  at  the  second  gap,  then  the  reference  electron  will  see  exactly 
the  same  Aeld  at  gap  2  as  it  saw  at  gup  1,  i.e.,  xero  Aeld,  going  acceleratln,':. 
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In  order  to  do  thii,  the  wave  must  travel  Juit  L  rneterw  ihort  of  a  half  wave¬ 
length,  or  Ao/2  —  L  meters.  If  the  wave  velocity  on  the  line  I)  c,  th^  time 
required  to  travel  this  distance  is  Ki/2c  **  L/c  seconds.  Actually,  tlie  velocity 
is  adJust'Hl  so  that  the  reference  electron  arrives  at  the  second  gup  slightly 
before  the  aero  of  Aeid  arrives,  so  that  it  encounters  a  slight  deceleration, 
This  situation  is  illustrated  In  Figure  26-i3b.  The  time,  by  which  the 
electron  ‘^beats’’  the  aero  of  field  to  the  second  gap  is 

=  (Ao/2c  •'*-  L/C]  —  r,  sa  1/2/  —  Ljc  —  d/wo 

As  this  situation  Is  repeated  from  gap  to  gap,  the  bunch  around  the  refer¬ 
ence  electron  continues  to  become  more  compact;  it  also  slows  down,  giving 
up  energy  to  the  circuit  wave,  as  long  as  It  continues  to  see  a  decelerating 
field  at  each  gap.  This  last  condition  can  be  satisfied  by  adjusting  the  veloc¬ 
ity  such  that,  after  passing  through  n  gaps,  the  bunch  is  still  within  a  half 
cycle  of  the  aero  of  field.  That  Is,  nAf  Is  approximately  one-half  of  the 
period  of  the  r-f  wave.  Under  these  conditions,  the  electron  bunches  en¬ 
counter  strong  decelerating  fields  over  the  entire  length  of  the  tube,  and  n 
maximum  of  the  beam  energy  is  converted  into  wave  energy  on  the  circuit. 
The  frequency  at  which  this  strong  interaction  takes  place  can  be  found  by 
setting  n Af  equal  to  a  half  period  of  the  wave,  or; 

1/2/  M  aAf  »/2/  —  fiL/c  —  fid/tto* 

Solving  for  the  frequency  /, 

^  2[Ljc  +  ^/ioj 

This  is  the  bulc  relation  for  the  frequency  of  a  backward-wave  tube  using 
the  interdigital-line  circuit,  in  terms  of  the  dimensions  and  the  beam  velocity. 

As  the  beam  loses  energy  to  the  wave,  the  wave  tends  to  grow  in  ampli¬ 
tude.  But,  since  the  backward  wave,  with  which  the  beam  is  Interacting,  car¬ 
ries  power  in  a  direction  opposite  to  the  motion  of  the  beam,  the  effect  is  for 
the  wave  to  grow  towards  the  gun  end  of  the  tube.  This  causes  even  stronger 
bunching,  and  the  result  Is  a  built-in  feedback  of  a  regenerative  nature.  For 
a  given  physical  length  of  tube,  there  Is  a  critical  beam  current,  called  the 
^'starting  current",  above  which  the  regeneration  is  strong  enough  to  cauh; 
the  tube  to  oscillate  at  about  the  frequency  given  in  the  above  expression. 
Below  starting  current,  a  signal  which  is  introduced  at  the  Input  (collector 
end  of  the  tube)  will  be  amplified  if  Its  frequency  Is  near  this  value.  As  with 
ail  regenerative  amplifiers,  the  gain  can  be  very  large,  but  is  critically  de¬ 
pendent  on  beam  current  and  signal  frequency. 
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26ti.S  S!ow-Wav«  Siractum 

Any  structure  which  will  support  a  backward  wave  can  potentially  be 
used  for  backward-wave  Interaction.  The  folded  line  is  one  of  the  simplest 
in  concept,  and  is  capable  of  high  power  dissipation.  2t  can  take  the  form 
of  a  folded  strip  Une,  as  shown  In  Figure  26-12,  or  the  sides  can  be  closed 
off;  In  which  case  the  line  is  a  folded  waveguide,  operating  In  the  TEis  mode. 
Intermediate  cases,  in  which  the  enclosure  is  further  away,  can  be  receg- 
nlaed  u  folded  ridged  (or  loaded)  waveguide. 

It  un  be  shown  that  any  waveguide  with  periodic  variations  In  the  direc¬ 
tion  of  propagation  can  support  backward  waves  in  the  form  of  spaco* 
harmonic  components  of  the  total  field.  Thus,  a  wide  variety  of  circuits  have 
found  application  in  backward'^wave  devices,  and,  unfortunately,  many  cir¬ 
cuits  for  F\VAa  seem  to  prefer  backward-wave  oscillations  under  conditions 
of  high-power  operation. 

The  helix  Is  an  excellent  circuit  for  backward-wave  tubes  in  >ihe  frequency 
range  where  the  drcumfcrcnce  is  one-half  to  one^fourih  the  frce-spact  wave¬ 
length.  Ordinarily,  such  a  helix  is  wound  of  tape,  with  the  tape  width  about 
equal  to  the  gap  between  turns.  Under  these  conditions,  the  fields  seen  by  a 
beam  quite  close  to  th)  helix  are  similar  to  those  of  the  folded-l!ne  structure, 
with  regions  of  axial  field  between  turns  alternating  with  drift  regions  be¬ 
neath  the  tape.  It  Is  customary  to  use  a  hollow  beam  In  a  helix-type  back- 
ward-wave  tube,  since  only  those  electrons  near  the  helix  can  participate  In 
the  Interaction,  It  should  be  noted  that,  for  a  given  frequency  of  operation, 
the  diameter  of  the  helU  for  a  backward-wave  tube  is  several  timet  larger 
than  for  a  FWA.  Thus,  for  helix-type  tubes,  backward-wave  interaction  can 
be  utilised  at  higher  frequencies  thin  can  forward-wave  interaction. 

As  with  forward-wave  tubes,  it  Is  Important  that  reflections  at  the  ends  of 
the  circuit  be  minimised  to  reduce  undesirable  regenerative  effects.  In  back¬ 
ward-wave  tubes,  the  effect  of  imperfect  matches  is  to  produce  sinusoidal 
variations  In  the  starting  current  and  power  output  as  frequency  Is  varied. 
A  related  effect  is  frequency  pulling,  or  a  shift  in  the  oscillator  frequency 
with  changing  VSWR  of  the  load.  If  the  matches  at  both  ends  of  the  tube 
are  better  than  about  2:1  VSWR,  and  some  additional  loss  is  introduced  on 
the  circuit,  these  effects  are  ordinarily  tolerable.  The  pulling  figure  of  a 
BWO  Is  generally  lower  than  that  of  conventional  oscillators,  Loss  has  detri¬ 
mental  effect  un  the  efficiency,  and  hence  should  be  minimised. 

Another  advantage  of  the  helix  circuit  over  the  interdigital  line  Is  that  it 
is  somewhat  easier  to  obtain  a  good  broadband  match  to  the  helix. 

26»  1.3  CfUiis  and  Focusing 

Geni^rully  the  rcquii^^nts  fur  production  and  maintenance  of  beams  for 
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0-type  bftckwBrd-wav9  tubof  are  the  atme  ta  for  forward-wave  tubes.  The 
mofi  afgniAcant  difference  ts  that  backwird-wave  tubes  operate  over  a  wide 
ra&ige  of  voUagea,  rather  than  a  A^ed  volUge,  and  mutt  U  so  designed  that 
the  required  current  for  oecillatton  ii  supplied  over  the  entire  range  of  ojser- 
ating  voltages.  The  variation  of  voltage  and  current  u  a  function  of  frequency 
U  such  that  the  required  beam  perveance  Is  normally  highest  at  the  lowest 
frequency  of  operation,  and  this  point  determines  the  gun  design.  At  higher 
frequencies,  the  beam  Is  simply  accelerated  by  a  voltage  difference  between 
the  circuit  and  the  gun  anode. 

Since  the  structure  In  a  backward-wave  tube  Is  usually  shorter  than  that 
of  a  forward-wMve  tube,  the  focusing  problem  is  simpler,  for  a  given  fre¬ 
quency  and  power  level. 

Because  of  the  variable-voltage  requirement,  the  focusing  of  backward- 
wave  tubes  Is  almost  unlverully  of  the  conftned-flow  or  Brillouln-flow  types 
In  InterdSgital-llne  tubes  with  solid  beams,  the  use  of  Brillouin  focusing  al¬ 
lows  convergent-geometry  guns  and  thus  higher  current  densHties  and  powers 
aro  attainable.  Periodic  electrostatic  focusing  Is  possible  with  the  Interdlgltal 
circuit  by  operating  the  two  halves  at  different  d-c  potentials,  but  this 
method  is  restricted  to  very  low  power  levels. 

26t4.4  Tuning  Characteristica 

The  frequency  at  which  ampllftcatlon  or  oscillation  will  occur  In  a  back¬ 
ward-wave  tube  is  primarily  determined  by  the  dispersion  characteristic  of 
the  circuit  and  the  beam  velocity.  For  a  given  beam  voltage.  Interaction  can 
occur  only  at  the  frequency  for  which  the  circuit  phase  velocity  Is  In  approxi¬ 
mate  synchronism  with  the  beam,  and  thus  the  **tuning  curve'^  or  a  plot  of 
frequency  versus  beam  voltage,  can  be  obtained  directly  from  the  dispersion 
curve  of  the  circuit.  A  typical  dispersion  curve  for  periodic  slow-wave  cir¬ 
cuit  is  shown  In  Figure  26-14,  In  the  form  of  a  plot  of  frequency  u  versus 
the  phase  constant  /f.  (On  this  diagram,  the  phase  velocity  of  the  circuit 
wave  !s  given  by  the  slope  of  the  line  from  the  origin  to  a  given  point  on  the 
curve,  and  the  group  velocity  is  the  Incremental  slope  of  the  curve  at  the 
given  point,  both  velocities  relative  to  the  velocity  of  light.)  Oer  the  range 
of  the  curve  from  A  to  B,  the  phase  velocity  is  positive  while  the  group  veloc¬ 
ity  is  negative,  which  is  charucteHslic  of  a  backward  wave;  this  is  the  region 
of  o|[)erat!on  of  backward-wave  devices.  A  plot  of  the  relative  phase  velocity 
versus  frequency  Is  shown  in  Figure  26-15.  If  the  beam  at  voltage  V  is  to 
be  synchronous  with  (he  wave,  the  voltage  must  satisfy  the  relation  V  rr 
SOS  (v^/c)“,  and  from  this  the  synchronous  tuning  curve  of  Figure  26-16  is 
obtained. 

In  practice,  the  synchronou.H  tuning  curve  gives  only  an  approximate  Indi- 
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Fiourk  26-17  Typical  tuning  characterlstlci 
of  a  backward-wave  oscitlator,  lliustratlng 
frequency  pu^thlng  due  to  changing  brani 
current 


cation  of  the  |)erformancef  and  muit  be  corrected  by  including  the  effects  of 
other  factorg  to  obtain  the  actual  tuning  characterliitic.  The  most  IntiKtrtHnt 
of  theae  factors  is  the  beam  current,  and  Its  effect  on  the  frequency  of  oacil- 
lallon  Is  lerned  “frec^uency  pushing.”  As  the  bennt  current  Increase.s.  the 
frequency  decrca.ses,  [or  a  Axed  voltage.  This  eAect  Is  Illustrated  on  the 
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typical  tuning  chmrtcriillcs  ihown  In  Flgurt  26*1 In  which  feverat  curvef 
arc  plotted,  for  various  values  of  beam  current. 

The  anK>unt  of  frequency  pushing  which  will  occur  in  a  given  tube  de¬ 
pends  on  beam  current  and  voltage,  and  thus  varies  over  the  range  of  tube 
operation;  values  up  to  about  fA'e  percent  shift  from  the  start-oKillation 
frequency  are  typical  for  high-power  tub^. 

Frequency  pulling,  mentioner*  In  Section  26.4.2,  results  in  ntlnor  varia¬ 
tions  in  the  tuning  curve,  c  y  variations  with  frequency  in  the  reflec¬ 
tions  at  the  ends  of  the  circus,  .he  Bnu>unt  of  pulling  also  depends  on  the 
match  at  the  load,  and  the  length  of  the  connecting  transmission  line.  For 
relatively  good  matches,  the  deviations  from  the  smooth  tuning  curve  are 
approximately  sinusoidal,  with  peak  values  usually  leu  than  1  percent  shift 
in  frequency.  More  serious  pulling  and  discontinuous  Jumps  in  the  tuning 
curve  can  ruult  if  the  termination  at  the  collector  end  of  the  circuit  Is  par¬ 
ticularly  bad.  Such  a  breaking  up  of  the  tuning  curve  is  a  result  of  'Mong- 
line  effects^’,  which  cauu  rapid  variation  In  the  phase  of  the  reflected  wave 
between  the  load  and  the  collector  end  of  the  circuit, 

The  tuning  characteristic  of  an  0-type  BWO  Is  inherently  nonlinear; 
lyplcally,  a  2  to  1  range  in  frequency  can  be  tuned  by  varying  the  beam 
voltage  over  a  10  to  1  or  smaller  range. 

2ii*4tS  Power  and  Efficiency 

Power  outputs  of  the  order  of  milliwatts  can  readily  be  obtained  from 
BWOs  at  frequencies  as  high  as  100,000  megacycles  per  second.  Larger 
powers  can  be  achieved  at  lower  frequencies,  up  to  10  kilowatts  at  S-h^md. 

Efflclencles  attainab'e  In  BWOs  are  generally  somewhat  lower  than  those 
of  TWTs,  being  of  the  order  of  20  percent  and  higher  for  hlKh-|>awer  tubes, 
and  a  few  percent  or  leu  for  low-power  tubes. 

26i4.6  Modulation  and  Control 

Possiblilties  for  modulating  a  BWO  include  variation  of  the  beam  voltage, 
or  the  beam  current;  in  addition,  there  is  the  possibility  of  injecting  a  signal 
at  the  collector  end  of  the  circuit. 

The  primary  effect  of  varying  the  beam  voltage  Is  to  change  the  frequency 
of  the  output  signal.  I'hua,  the  BWO  can  be  frequency-mcnlulatcd  by  apply¬ 
ing  an  appropriate  signal  waveform  on  the  circuit.  Due  to  the  nonlinear 
sha;>e  of  the  tuning  curve,  the  modulating  signal  must  be  predlstorted  if  u 
linear  modulation  characteristic  is  desired.  The  limit  on  the  tuning  rate  that 
can  be  achieved  Is  set  by  the  build-up  time  of  the  oscillations,  which  U  the 
order  of  several  transit  times  of  the  beam.  Since  the  transit  time  Is  usually 
measured  in  mil H microseconds,  tuning  rates  up  to  about  1000  mcgarycles 
per  second  per  microsecond  can  be  obtained  in  a  typkal  S-bnnd  lulx;. 
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Sincf  the  output  power,  m  well  as  the  frequency,  changte  with  beam  volt* 
age,  aome  amplitude  modulation  U  generally  preeent  in  the  output,  iriien  the 
beam  voltage  li  modulated.  If  the  frequency  deviation  la  amall,  however,  the 
AM  can  be  ne|llgible. 

If  the  beam  voltage  la  fixed  and  the  current  varied,  the  primary  effect  is 
to  vary  the  power  output.  Tbua,  a  BWO  can  be  amplitude*moduleted  by 
varying  the  beam  current.  Because  of  the  frequency-puabing  efficta  dii* 
cuiied  previously,  some  incidental  FM  is  also  produced  when  the  current 
is  modulated.  Usually  a  special  gun  design  is  reouired  to  vary  the  beam 
current,  e.g„  with  a  control  grid. 

In  relatively  low*power  applications,  it  is  usually  more  convenient  to  pro¬ 
duce  AM  by  some  external  means,  as  for  example,  with  a  diode  or  ferrite 
modulator.  In  addition  to  reducing  the  effects  of  pushing,  sttch  a  device  can 
have  a  relatively  corjiant  modulation  sensitivity  over  the  frequency  range 
of  operation,  which  would  be  difficult  to  obtain  by  direct  modulation  of  the 
BWO  beam  current. 

The  output  signal  of  a  6  WO  can  be  frequency-controlled  by  the  Injection 
of  a  signal  into  the  (norma. ly  terminated)  collector  end  of  the  circuit.  If  the 
injKted  signal  is  near  the  frequency  of  oKillation,  the  oscillation  can  become 
locked  to  the  signal  frequency.  The  behavior  of  a  BWO  under  these  condl- 
tionc  is  similar  to  that  of  other  locked  oscillators,  and  depends  on  the  strength 
of  both  the  oKllUtlon  and  the  injectau  signal,  u  well  u  the  diifercnce  in 
their  frequencies.  If  the  BWO  Is  operating  at  just  slightly  above  starting 
current,  an  injected  signal  c;.i  the  osciilating  frequency  will  be  amplified, 
while  the  OKlllation  will  be  simply  suppressed,  without  any  frequency  pull¬ 
ing.  The  resulting  signal,  locked  on  the  frequency  of  the  Injected  signal,  is 
larger  than  would  be  obtained  from  the  oscillator  by  itself. 

At  currents  considerably  above  the  start-oscillation  value,  the  behavior  la 
somewhat  more  complicated,  with  extra-frequency  components  being  gen¬ 
erated,  and  pulling  of  the  oKillator  frequency  occurring.  The  range  over 
which  locking  takes  place  decreases  u  the  current  is  raised  above  the  atart- 
ing  value,  and  typically  might  be  a  few  megacycles  wide. 

Tht  locking-in  behavior  of  a  typical  !ow-|^)ower  BWO  is  illustrated  in 
Figure  2648,  which  shows  the  frequency  spectrum  of  the  output.  In  (a), 
the  BWO  is  Imrely  0K*i|)ating  at  /o,  and  a  constant-amplitude  Injected  sig¬ 
nal  at  A  is  tuned  toward  /u.  As  the  two  frequencies  get  closer,  the  Injected 
signal  simply  grows,  while  the  uscillstlon  is  suppressed.  In  (b),  the  current 
U  about  i.S  times  starting  current.  Ihc  c§c!!laior  frequency  is  pulled 
toward  that  of  the  injected  signal,  am*!  equally-spaced  extra- frequency  com¬ 
ponents  appear  on  one  side  of  the  oscillator  frequency  in  the  pulling  region. 
Finally,  lock-in  does  occur,  but  over  a  narrower  range  than  In  (a). 
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26.4«7  Spurious  Outputs 
Under  csrUin  conditions  of  op¬ 
eration,  a  BWO  can  produce  out¬ 
puts  at  frequencies  other  than  ^hat 
of  the  fundamental  or  main  output. 
These  extra  outputs  ere  termed 
spurious  outputs,  and  are  generally 
detrimental  to  the  performance  of  a 
system  in  which  the  BWO  Is  used. 

It  was  seen  In  the  last  section 
that,  in  the  presence  of  a  locking 
signal,  spurious  outputs  can  occur 
when  the  oscillator  is  on  the  verge 
of  locking  in,  but  these  disappear 
under  the  locked  condition. 

Another  possible  source  of  spuri¬ 
ous  outputs  in  an  0-type  BWO  is 
In  modes  corresponding  to  higher- 
order  solutions  of  the  start-oscilla¬ 
tion  condition.  Generally,  the  tube 
can  oscillate  on  these  modes  if  the 
beam  current  Is  sufficiently  high,  of 
the  order  of  ftve  times  the  fundamental  starting  current  or  higher. 
When  this  condition  is  satishiHi,  the  higher-mode  output  appears  at 
a  frequency  somewhat  lower  thin  that  of  the  fundamental  output,  and  the 
strength  of  the  spurious  output  la  usually  much  smaller  than  the  fundamental 
output.  Because  of  the  nonlinear  character  of  the  beam,  Intermodulailon 
products  appear  whenever  two  signals  are  present,  so  that  the  result  is  that 
a  multiple  dbtribution  of  spurious  signals  Is  observed  when  the  BWO  is 
oscillating  simultaneously  on  two  modes.  Higher-mode  operation  can  be 
eliminated  simply  by  reducing  the  physical  length  of  the  backward-wave 
circuit,  and  therefore  should  not  be  a  problem  In  well-designed  tul)e.<t. 

Depending  on  the  kind  of  circuit  employed,  interaction  may  take  place 
with  various  space-harmonic  components  of  the  held  other  than  the  funda¬ 
mental  backward  wave,  to  produce  spurious  outputs.  This  kind  of  Interac¬ 
tion  can  be  virtually  eliminated  by  proper  circuit  design. 

Finally,  spurious  ouiputs  occur  at  the  harmonics  of  the  fundamental  fre¬ 
quency  due  to  the  nonslnusoldal  bunching  of  the  beam.  These  output.*^  are 
usually  outside  the  frequency  range  of  interest,  as  w^ll  as  being  relatively 
small  in  amplitude. 

In  low-power  applications,  such  as  local  oscillators  and  signal  generators, 
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in  which  tpurloui  output!  are  a  moit  mfIou!  problem,  the  O-type  BWO  ia 
capable  of  extremely  good  performance,  producing  a  clean  eptctrum  in  which 
the  ipurioui  lignali  are  typically  70  to  80  decibels  or  more  below  the  main 
output. 

26.4.8  Low*Nolse  Backward^Wave  Ampllflara 

Since  the  backward-wave  amplifler  is  an  electronically-lunablc,  narrow- 
band  amplifter,  Its  most  important  appllcatlor.  would  seem  to  be  as  the  Input 
stage  for  a  rapidly-tuned  search  receiver.  In  such  an  application,  the  sensi¬ 
tivity  attiinable  depends  on  the  minimum  noise  ftgure  of  the  backward-wave 
tube.  It  has  been  recently  demonstrated  that  these  tubes  can  be  designed  and 
constructed  with  noise  figures  as  low  as  2.5  decibels,  with  gain  well  over  30 
dodbels,  which  appears  to  establish  the  BWA  as  an  important  component 
in  microwave  systems. 

26.8  Power  and  Sine  UmlUillosis 

In  assessing  the  potentialities  of  microwave  tubes  for  speciftc  new  appli¬ 
cations;  the  problem  Is  generally  one  of  determining  wbat  can  be  accom¬ 
plished,  within  the  state-of-the-art,  toward  meeting  the  requirements  of 
power,  bandwidth,  and  physical  sise  at  a  specinc  operating  frequency.  Basic 
to  an  understanding  of  how  the  performance  characteristics  depend  on  fre¬ 
quency  ere  the  laws  of  scaHni\  this  section  will  be  devoted  to  a  statement  of 
general  scaling  rules,  and  their  Implications  with  regird  to  the  power  and 
sise  limitations  of  TWTs. 

26.5.1  Scaling  Laws 

Suppose  that  we  have  a  successful  design  of  a  microwave  tube,  and  wish 
to  investigate  the  design  of  a  sintilar  tube  to  operate  at  a  different  frequency 
or  power  level.  We  should  expect  to  have  to  change  the  physical  dimensions, 
voltages,  currents,  and  the  magnetic  AHd,  as  well  as  the  operating  frequency. 
The  problem  Is  to  determine  the  new  values  of  the  performance  character¬ 
istics,  in  terms  of  these  changes.  In  general,  two  tequirements  must  be  met 
in  the  sealed  version,  /  1  these  requirements  yield  the  scaling  laws  which 
must  be  satisfied;  ( 1 )  i.  shat>c.M  of  the  electron  trajertories  must  remain 
unchanged  with  scaling;  and  (2)  the  electrons  must  traverse  corresponding 
distances  In  the  same  frucllon  of  a  cycle  of  the  operating  frequency. 

Consider  two  geometrlcally-similur  microwave  tubes  whose  linear  dimen* 
sions  are  in  the  ratio  L\ 


L  r=  UlU 


These  tubes  are  to  operate  at  frequencies  in  ihe  ratio  /»'; 
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y^hih 

If  we  now  consider  the  dynamics  of  the  electron  beam  In  the  electric  and 
magnetic  fields  present,  and  impose  the  conditions  that  trajectory  shapes  and 
transit  angles  remain  unchanged  with  scaling,  we  can  derive  from  Uie  equa¬ 
tions  of  motion  the  general  scaling  ratios  between  corresponding  quantities 
In  the  two  tubn.  The  results  are  summarised  in  Table  26-1,  under  the  column 

Table  26-1.  Scaling  Laws  roi  Micbowavz  Tubbs 
Based  on:  0)  OtometricsUy  limllsr  electron  trsjKioriei 
(S)  Identlal  trsnslt  anilee 

ScaUns-ratio  defliUtloBi!  (i)  Length:  L  ae  Ig/Li 

(J)  Frequency:  F  »  /a//i 


General 

Conplete 

Dlmendo 

Quanilly 

Bcallag 

SesUng 

LFm  1 

gcaliBg 
F  ■  1 

WsvcUngthi  Xi/Xi 

1/F 

l/F  1 

1 

TlnMi  iijiix 

l/F 

1/F  -  L 

1 

DUtsnec,  iijiu 

t 

l/F  ■  1 

L 

Am,  AJA\ 

1/F*  n  t* 

L* 

Velocity,  Vi/Vt 

FL 

1 

L 

Accikn.tion,  Sa/Si 

yil 

F  -  1/X 

L 

Ekctrlc  ftftd,  g»/gi 

f*L 

F  «  \/L 

L 

Mainetic  flsid,  B|/0i 

F 

F  »  l/L 

1 

PotsntUI,  y»/Vi 

F*l* 

1 

L* 

Chsrs*  density,  pjpx 

F* 

F*  K  l/L* 

1 

Currtnl  dsnilty,  i,/ii 

F«L 

F*  »  l/L* 

L 

Currant,  /,//i 

F*L» 

1 

L* 

Power  density,  pt/p\ 

FSL* 

F*  "  l/L* 

L* 

Power,  P,/F, 

pilu 

1 

L» 

Perveance,  S^/Si 

1 

1 

1 

headed  ^^gcneral  scaling/*  This  column  applies  to  tubes  with  different  dimen¬ 
sions  and  operated  at  different  frequencies,  and  shows  how  voltage,  power, 
current  density,  etc.,  in  the  scaled  tube  compare  with  those  quantities  lit  the 
original  tube.  In  addition,  the  general  scaling  ratios  allow  one  to  derive  a 
number  of  scaling  Invariants,  or  combinations  of  parameters  which  do  not 
change  with  scaling.  For  example,  (/a//!)/(Va/F|)* Is  such  an  Invariant, 
since  this  particular  ratio  is  independent  of  both  L  and  F.  It  will  be  recog¬ 
nised  that  this  is  Just  the  ratio  of  perveances,  5^/5^,  and  thus  the  perveance 
Is  not  a  function  of  the  scale.  Another  example  might  be  the  ratio  V 
The  remaining  *wo  columns  of  Table  26-1  arc  for  special  cases  of  scaling 


26-28 


ELECTRONIC  COUNTERMEASURES 


proctduK.  "Com’ikit”  Ktling  reftrs  to  th«  cm*  2n  which  the  dimoniicns 
«r«  icalod  in  dlroct  proportion  to  tho  opentlnj  waveltnKth,  or  In  InverM 
proportion  to  tb«  oponting  froquoncy.  In  this  cuo,  L  s  l/F,  and  ths 
ratios  in  this  column  show  bow  the  various  paranwters  change  with  either 
L  or  F.  For  example,  if  the  dimensions  of  a  tube  are  all  reduc^  by  a  factor 
of  four,  In  order  to  operate  at  four  times  the  frequency,  the  vdtages,  current, 
and  powers  rekiiain  unchanged.  However,  the  electric  and  magnetic  helds 
required  are  four  tlmee  u  large  in  the  smaller  tube,  and  the  charge  density, 
current  density,  and  power  density  are  sixteen  times  larger.  Since  the  beat- 
dissipating  ability  of  a  structure  is  related  to  the  power  density  the  smaller 
tube  it  likely  to  be  severely  limited  because  of  the  high  power-density  ratio. 
Further,  the  current  density  obtainable  from  tho  cath^  cf  the  electron 
gun  is  limited,  and  thus  the  extent  to  which  complete  scaling  can  be  carried 
is  restricted  by  these  two  considerations.  “Complete"  scaling  it  the  cate  of 
most  practical  usefulness  in  microwave-tube  coiuiderations. 

If  the  frequency  of  operation  remains  fixed,  and  the  dimensions  are 
chiiiged,  say,  to  obtain  more  power,  then  the  ratioe  in  the  column  bee.ded 
"dimension  Kaling"  apply.  If  the  site  of  the  tube  is  doubled,  and  appropriate 
changes  made  in  the  ot^r  parameters,  the  power  will  be  increa^  by  32 
times.  In  this  case,  the  magnetic  field  remains  the  same;  the  elKtrlc  fields  and 
current  density  are  doubled;  the  voltages  must  be  increased  by  a  factor  of 
four;  and  the  power  density  and  current  are  increased  eightfold.  Scaling  on 
this  basis  will  again  be  limited  by  allowsble  power  disiiipation,  ivftilsbic 
current  density,  or  volttfe  breakdown. 

It  if  Important  to  note  th«t|  while  the  above  Kalins  relatione  were  derived 
from  the  equations  of  motion  of  the  electron  beam  alonei  the  reeulti  are 
directly  applicable  to  such  a  complicated  device  as  a  TWT,  if  compleii 
scalini  is  employed.  The  reason  for  this  Is  that  the  perfcimance  of  such  a 
tube  depends  on  the  choice  of  a  number  of  design  parameters  which  are 
inhereniiy  indepindeni  of  this  kind  of  scaling.  For  example,  in  a  helix-type 
TWT,  the  parameter  most  basic  to  the  over-all  performance  is  the  fre- 
quency-iixe  parameter,  ya,  which  lb  directly  proportional  to  frequency  and 
helix  radius,  and  inversely  proportional  to  the  square-root  of  the  beam  volt¬ 
age.  Examination  of  the  complete  Kaling  column  shows  that  yc  is  an  in¬ 
variant  in  this  kind  of  Kaling.  Other  design  parameters,  which  depend  on 
ya,  and  are  also  ifdVHriant  with  complete  Kaling  are;  C,  QC,  N,  B,  BCN,  etc. 
it  follows  that  the  gain,  bandwidth,  and  efficiency  are  also  invariant.  Thus, 
any  conclusions  drawn  about  how  the  beam  power  varies  with  scaling  ere  also 
applicable  to  the  r-f  power  output  of  the  tube,  at  least  to  a  Arst  approxi¬ 
mation.  Some  reservation  Is  warranted  here,  though,  since  the  effkiency  de¬ 
pends  also  on  some  factors  which  may  not  be  entirely  independent  of  Kal- 
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ingi  luch  fti  the  loti  on  the  helix.  Aito,  it  ehould  be  noted  that  the  Kiling 
relationa  apply  to  the  vaiuet  of  th*  '^design  center'*  parametert,  and  ibould 
not  be  used,  for  example^  to  calculate  how  the  power  output  varies  acroet  the 
band  of  operation  of  a  given  traveling-wave  tube. 

26iS«2  Slie  Lln:!tc  at  Low  Frequondee 

If  one  attempts^  by  complete  scaling,  to  Kale  an  S-band  TWT  down  to 
about  fifty  megacycles  per  second,  the  tt.iii  would  be  a  tube  perhaps  forty 
feet  long  and  a  foot  in  diameter;  such  a  tube  would  be  less  than  useful.  Even 
at  500  megncycles  per  second,  a  four-foot  tube  would  be  impractical  in  many 
applications.  Furthermore,  In  this  frequency  region,  conventional-tube  devices 
are  competitive  with  traveling-wave  tubes,  the  prime  example  being  the  dis¬ 
tributed  amplifier.  Thus,  there  is  a  frequency  limit  below  which  the  TWT 
becomes  too  Urge  to  be  practical. 

The  low-frequency  limit  of  practical  traveling-wave  tubes  depends  on 
what  is  considered  a  tolerable  physical  sise,  in  any  particular  application, 
but  probably  lies  in  the  range  from  50  to  500  mcs.  The  limit  can  ^  lowered 
for  a  given  sise  by  designing  the  tube  to  utilise  a  hollow  beam,  thus  increas¬ 
ing  the  attainable  gain  per  wavelength,  which  shortens  the  required  physical 
Isngth  at  a  given  frequency. 

A  developmental  traveling-wave  ampllfter  has  been  reported  which  oper¬ 
ates  over  the  range  of  50  to  300  mcs,  with  power  output  at  the  1000-watt 
level,  whose  over-all  physical  length  is  about  thirty  Inches.  It  would  seem  to 
be  dlfhcult  to  do  much  better  than  this  with  TW  tubes. 

26«5«8  Power  Limits  at  High  Frequencies 

The  performance  of  a  traveling-wave  device  At  high  frequencies  is  limited 
primarily  by  three  factors:  the  dissipation  ability  of  the  circuit,  current- 
density  capability  of  the  gun  and  focusing  system,  and  the  difficulty  of  fabri¬ 
cating  small  tube  parts.  If  complete  scaling  of  a  diMipation-limited  helix-type 
TWT  is  attempted,  the  attainable  output  power  will  drop  off  as  the  square  of 
the  wavelength.  However,  ordinary  construction  tKhniques  begin  to  fall  at 
frequencies  above  about  30,000  mcs,  and  it  has  proved  difficult  to  obtain  even 
the  Kaled  powers  at  these  frequencies.  With  special  techniques,  the  hlgb- 
frequcncy  limit  for  hcllx^type  amplifiers  may  be  about  50,000  mcs,  and  per¬ 
haps  as  high  as  100,000  mcs  for  BWOs.  Achievable  powers  of  tens  of  milli¬ 
watts  seem  to  be  the  limit  In  this  frequency  range.  Several  alternative  struc¬ 
tures  for  BWOs  have  been  developed,  which  extend  the  frequency  limits 
upward  by  perhaps  a  factor  of  2. 

In  contrast  to  the  situation  at  low  frequencies,  there  are  no  alternative 
devices  which  begin  to  compete  as  the  high-frequency  limits  of  traveling- 
wave  devices  are  approached. 
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26.5*4  ymfiu  Impotcd  by  Gun  imd  Focusing  Syttem 

The  current  deniities  Attainable  in  an  electrim  beam  are  dependent  on  the 
capabilities  of  the  gun  and  focusing  system.  The  cathode  surface  itHlf  Is 
subject  to  fairly  deAnite  limits  on  emlssion-current  density,  consistent  with 
reasonable  tube  life.  Continuous  d-c  emission  densltiee  of  about  0.2  amp  per 
cm  squared  can  reliably  be  obtained  from  ordinary  oxide  cathodes,  and  up 
to  about  5  amp  per  cm  squared  from  the  so-called  "dispenser*’  or  impreg¬ 
nated  cathods.  For  short  pulses,  less  than  about  five  microseconds,  current 
densities  up  to  about  10  amp  per  cm  squared  can  be  drawn  from  either  type 
of  cathode  without  serious  reduction  of  tubas  life. 

These  limits  on  primary  current  density  are  considered  severe  by  the  de¬ 
signers  of  hIgh-power  microwave  tubes;  higher  values  would  be  desirable  In 
many  applications.  Effective  beam-current  densities  up  to  the  order  of  ten 
times  the  above  values  can  be  obtained  by  converging  the  beam  in  the  gun 
region,  so  that  a  small  beam  is  produced  from  a  large  cathode.  Hero,  the 
limit  to  the  amount  of  convergence  which  can  be  attained  is  set  by  random 
"thermal"  velocities  In  tha  transverse  direction,  which  tend  to  smear  the 
out  sideways,  preventing  the  attainment  of  large  convergence  ratios. 

Another  factor  In  gun  design  which  limits  the  amount  of  cu^tent  that  can 
be  obtained  at  a  given  voltage  Is  the  perveance,  or  current  per  (volt)*^^.  The 
.perveunce  of  a  beam  is  limited  because  of  the  effects  of  space-charge  forces; 
in  Picrce-type  guns,  perveances  of  about  2  x  10  *  amp  per  (volt)*^*  seem  to 
be  the  upper  limit,  for  solid  cylindrical  beams. 

In  high-perveance,  hlgh-convergcnce  electron  guns,  another  related  effect 
occurs  which  tends  to  limit  the  performance.  The  slu  of  the  anode  aperture 
becomes  comparsbie  to  the  cathode-anode  spacing,  and  the  6elds  in  the  gun 
suffer  considerable  distortion.  The  results  are:  nonuniiorm  eiriUsion  over  the 
cathode  surface,  larger  beam  size,  lower  total  current,  and  appreciable  spher¬ 
ical  aberiaticn. 

Once  the  desired  beam  has  been  formed  by  the  gun,  the  focusing  system 
must  be  capable  of  confining  the  flow  to  the  speclhed  region  by  counter¬ 
acting  the  normal  space^charge  spreading  forces.  For  high-power,  high- 
perveance  beams,  conhned-fluw  or  Brlllouln-flow  focusing  is  generally  re¬ 
quired,  although  any  of  the  methods  discussed  in  Section  26.3.4  are  applic¬ 
able  within  their  limitatiuns.  For  example,  periodic-magnetic  focusing  Is,  at 
the  moment,  limited  by  the  amount  of  coercive  force  of  available  magnetic 
mateilats  to  tubes  delivering  about  1  to  10  watts  of  output  power. 

Finally,  It  should  be  noted  that  the  fccu.Hlng  system  must  be  compHllblc 
with  the  gun  design,  so  that  the  beam  Hows  smoothly  Into  the  circuit  region 
of  the  tube.  If  a  strong  confining  magnetic  held  is  used  fur  focusing  the 
beam,  a  converging  geometry  cannot  be  used  in  the  gun,  unless  the  focusing 
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Acid  U  IlkewUe  convergent  in  the  gun  region,  or  elie  ellfniniited  entirely  by 
a  magnetic  shield. 
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During  World  War  11  and  for  several  yean  thereafter,  an  imposing 
anfu>unt  of  work  wu  done  on  the  development  and  analysis  of  the  traveling- 
wave  magnetron  oscillator  (References  1,  2,  and  3).  Shortly  after  the  begin¬ 
ning  of  the  war  the  magnetron,  with  mechanical  tunablllty,  became  the  work 
horse  of  microwave  electronic  warfare  equipment.  However,  because  wide 
and  rapid  tuning  requirements  began  to  develop  for  both  radar  and  counter¬ 
measures,  wide  electronic  tunablllty  of  high-power  microwave  oscillators 
began  to  be  the  dream  of  the  microwave  engineer.  The  development  of  the 
voltage-tunable  magnotron  by  Wilbur  et  al.  (Reference  4)  of  General  Elec¬ 
tric  Company  In  1949  and  subsequent  work  un  it  at  The  University  of  Mich¬ 
igan  (References  5,  6,  and  7)  opened  up  a  new  field  for  the  magnetron,  and 
It  also  accelerated  the  trend  toward  voltage-tunable  OKillators.  Meanwhile, 
the  demonstration  of  the  principle  of  traveling-wave  interaction  Ir  line;  - 
beam  tubes  by  Kompfner  (Reference  8)  and  Pierce  and  Field  (Reference 

9)  had  stimulated  work  on  crossed-fteld  traveling-wave  devices  (Reference 

10) .  The  principal  of  backward-wave  interaction  was  conceived  Inde¬ 
pendently  by  Warnecke  et  al.  (Reference  11)  and  Kompfner.  The  applica¬ 
tion  of  the  traveling- wave  principle  to  crossed-held  interaction  by  use  of  a 
backward-wave  structure  resulted  in  the  first  demonstration  of  the  voltcge- 
tunable  BWO  (backward-wave  oscillator)  tube  late  in  1950,  by  Warnecke 
et  al.;  this  was  called  the  Carcinotron  (Reference  11).  Soon  after,  firofotypes 
were  developed  (References  12  and  13)  In  the  United  States. 
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BeciftUM  of  the  obvious  advantage  of  voltage-verifis-mecbaniral  tunablllty, 
iU  high-power  and  high-effkiency  capability,  its  versatility,  end  its  economy 
of  size  and  weight,  the  M-type  DWO  hu  Income  one  of  the  foremost  micro- 
wave  ECM  transmitter  tuben.  In  European  countries  it  has  developed  a 
commanding  lead  in  priority  of  development  over  the  conventional  m^an- 
ically  tuned  CW  magnetron.  In  the  United  States,  the  hydraulically  tuned 
CW  nuignetron  is  still  the  chief  ECM  microwave  production  tube,  but  efforts 
to  develop  new  equipment  are  centered  on  M-type  BWO’s  and  other  new 
microwave  devices.  M-type  BWO’s  have  been  dev^*  ^  mainly  for  high- 
power  CW  applications  where  wide  and  rapid  volt  jtblHty  Is  necesury. 
The  typical  ECM  uses  are  for  spot  and  barrage  noise  Jammers  using  both 
frequency  and  amplitude  modulation.  Continuous-wave  power  output  capabil¬ 
ities  at  the  present  development  status  from  100  to  40,000  me  range  from 
5000  watts  to  50  watts,  respectively,  with  tuning  ranges  of  about  1.4:1. 
There  have  been  pulsed  M-type  BWO^s  developed  in  the  power  range  of 
hundreds  of  kllowaits,  which  may  And  use  In  pulse-frequency  diversity  radar. 

An  outgrowth  of  the  M-type  BWO  development  is  the  BItermitron,  a 
backward-wave  ampUAer,  used  mostly  as  a  voltage-tunable  locked  oscillator. 
An  M-type  BWO  driving  a  BItermitron  gives  more  than  twice  the  power 
output  than  is  obtainable  from  a  single  tube.  The  application  of  this  com¬ 
bination  is  the  ume  as  that  for  the  M-type  BWO. 

Voltage-tunable  magnetrons  have  developed  along  the  lines  of  low-  and 
medium-power  CW  tubes  with  tuning  ranges  of  2*1  and  power  outputs  up  to 
several  tens  of  watts  from  L-  to  X-band.  Their  chief  ECM  use  is  for  low- 
power  barrage  and  spot  Jammers,  and  for  drivers  In  ampliAer-tube  chains 
for  high-power  ECM  and  radar  equipments. 

Research  effort  has  recently  been  started  on  crossed-Aeld  forward-wave 
ampliAers  for  ECM  applications.  These  tubes  are  essentially  broadband  tra¬ 
veling-wave  tubes  using  magnetron-type  Interaction.  Initial  results  of  this 
effort  are  so  encouraging  that  this  device  promises  to  become  the  major  ECM 
and  radar  transmitter  tube  of  the  future.  Power  outputs  greater  than  750 
watts  cw  at  X-band  over  15  |>ercent  bandwidth  at  10-db  gain  and  20  to  30 
percent  efficiency  have  been  obtained  on  initial  sample  tubes.  The  quan¬ 
titative  theory  of  operation  Is  so  well  known  and  proved  experimentally  that 
it  can  safely  be  predicted  that  in  the  future  a  minimum  of  i  kw  cw  will  be 
obtainable  at  X-band  over  a  30  percent  bandwidth  at  35  percent  minimum 
efficiency  and  20-db  gain.  It  is  also  likely  that  the  bandwidth  and  efficiency 
can  eventually  be  Increased  to  50  |)ercent  or  more  at  X-band.  Correspond¬ 
ingly  higher  powers,  efficiencies,  and  bandwidths  will  be  obtainable  at  lower 
frequencie.s.  Since  this  tube  Is  a  broadband  ampHAer,  there  is  no  variation  of 
the  applied  voltages  as  the  frequency  is  changed.  Therefore  the  Jamming 
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tricki,  whether  of  the  noiM  or  deception  type,  can  be  generated  at  low  power 
and  then  ampllfled.  Alio,  existing  Jammers  can  be  upgraded  in  power  by 
amplifying  their  output  with  the  croesed-Seld  forward-wave  amplifier.  The 
reeults  of  the  reMarch  effort  on  this  tube  are  too  preliminary  to  bo  included 
in  this  chapter  because  they  might  be  misleading  as  to  the  eventual  capabil¬ 
ity  of  the  device,  but  a  brief  theory  of  operation  is  gi^’en.  A  more  complete 
diKussion  of  the  present  state  of  the  art  of  this  device  is  given  In  Reference 
14. 


27.1  BmIo  rrlnciplea  of  Crosasd-Fleld  Tuboe 

27.1.1  Spoeo  Harmonlce 

As  in  the  case  of  the  0-type  BWO  discussed  In  Chapter  26,  space  harmon¬ 
ics  play  a  vital  role  In  the  operation  of  crossed-ftcld  voltage-tunable  oscillators 
and  amplifiers.  In  the  cases  of  the  voltage-tunable  magnetron,  the  BWO,  and 
the  backward-wave  amplifier,  there  must  be  an  electron  beam  whose  velocity 
can  be  varied  electronically  and  which  is  synchronous  with  a  traveling-space 
harmonic  on  a  slow-wave  structure.  Since  the  phase  velocity  of  the  space 
harmonic  is  a  function  of  frequency,  the  velKity  of  the  electrons  In  the 
beam  determines  the  oscillation  or  amplification  frequency. 

Space  harmonics  are  caused  by  periodic  spatial  perturbations  along  a 
waveguide  structure  or  resonant  cavity.  Suppose  we  have  a  parallel  strip 
transmission  line  with  a  wave  traveling  from  left  to  right  with  the  speed  of 
light,  as  shown  in  Figure  27-la.  Now  let  us  bend  it  into  a  slgzag  path  form 


(B) 

FtuuRK  37-1  PropAgAtlon  In  tht  InterdigtUl  ilow-wavt  itructurR. 

inx  27-16.  The  wave  now  triveU  along  the  path  ABODE,  etc.,  with  esiien- 
tlally  the  velocity  of  light.  (!t  should  be  pointed  out  that  the  Interdifltal 
structure  is  only  one  type  of  slow-wave  circuit,  but  is  one  of  the  simplest  to 
describe  and  so  will  be  used  throughout  this  chapter  for  illustrative  pur¬ 
poses.) 

Now  suppose  an  electron  travels  along  the  edge  of  the  interdigital  slow- 
wave  structure  from  left  to  right  as  shown  in  Figure  27-16.  The  electron  is 
v^'.d  to  be  traveh.ig  synchronously  with  a  space  harmonic  if  it  always  ex- 
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periencef  the  same  fo*ce  or  fo.'xe-time  varlttfon  every  time  It  goes  ft  ftp 
In  order  for  the  electron  to  gi\e  up  energy  to  the  slmr-wsvt  stniclu^'4i  this 
must  always  be  a  net  reurdlng  t^vce.  Let  uc  suppose  that  it  takes  the  v^ve 
a  time  to  travel  from  £  \o  R  a.xund  the  path  BCDE.  The  apparent 
tance  from  B  to  E  along  the  edge  o!  the  structure  and  the  |Mth  of  the  elec¬ 
tron  stream  is  d,  Now^  since  the  ftelo  Is  rf>vfrsed  from  one  gap  to  the  iitxt» 
the  electron  must  go  from  the  nJddle  cf  gap  B  to  the  middle  of  gap  £  In  a 
half  a  period^  T/2,  (or  any  odd  number  cf  half  periods),  plus  Ejq^reasing 
this  mathematically: 

+  (W//V'.) 

where  d  is  the  distance  between  Anger  centers,  a  Is  any  odd  InUgf/r,  Is 
the  velocity  with  which  the  wave  propagates  down  \be  circuit,  and  ii  equal  to 
the  phase  velocity  of  the  wave  in  the  sigsag  !inv\  timet  the  ratiio  of  dis¬ 
tances  BE/BCDE.  (This  is  approximately  equa'  tc  the  velocity  of  light 
times  BE/BCDE). 

Now,  when  the  wave  travels  in  the  same  direction  vhe  electron  and  the 
electron  keeps  In  synchronism  with  the  Aelds  in  the  gap\  ts  shown  In  Figure 
27-2^,  we  say  that  the  electron  Is  interacting  with  a  forward  wave,  and 
under  such  conditions  we  could  have  forward- wave  am’>Ii)[!atlon.  The  plus 
sign  superscript  on  the  symbol  for  electron  velocity  Indicates  that  there  is 
forward  Interaction.  It  Is  lmi>ortant  to  note  that  the  electron  neti  not  travel 
with  the  progressive  velocity  of  the  wave  down  the  circuit  it  keeps 

In  synchronism  with  the  Aelds  In  the  gaps,  but  Instesd  it  can  have  v  numUr 
of  '^synchronous  velocities"  called  space-harmonic  phase  velocities  cori  >spond- 
ing  to  odd  values  of  n  of  Equation  27-1.  BecauM  the  eiectron  travels  alter¬ 
nately  in  front  of  a  conducting  Anger,  where  it  sees  little  or  no  longltuOinal 
component  of  electric  Aeld,  and  then  In  front  of  a  gap,  where  it  sees  the  Aela  in 
a  particular  phase,  the  Aeld  picture  as  seen  by  the  electron  is  much  the  samx 
as  the  picture  seen  by  the  human  eye  when  viewing  a  motion  picture,  because 
of  the  shutter  effect.  A  rotating  wheel  with  spokes,  In  a  motion  picture, 
can  apt>car  to  be  rotating  forward  or  backward,  because  of  the  shutter  effect. 
In  much  the  same  way,  because  of  the  shutter  effect,  the  Aelds  in  the  gaps 
as  seen  by  the  electrons  api)ear  to  move  forward  or  backward  with  various 
apimrcnt  vcltKllies  for  any  given  progressive  veh>cily  of  the  wave  down  the 
slow-wave  structure.  Let  us  now  assume  that  the  electron  of  Figure  27-lfr  U 
traveling  from  right  to  left  while  the  wave  Is  traveling  from  left  to  right. 
Now,  in  order  for  the  electron  to  stay  in  synchronism  with  the  Aelds  In  the 
gaps,  the  electron  must  travel  from  the  middle  of  the  gap  at  K  to  the  middle 
of  tlie  gap  at  h  In  a  half  period  (or  any  (Kid  number  of  half  i)eriods)  minus 
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7'v.  Thus  thf  velocity  of  the  electrons  for  bsckward-wsve  Interaction  Is 


Vr 


_ i»ii 

n  -  {2df/V^) 


(27-2) 


whert  If  to,  again,  an  odd  Integer  arci  the  minus  superscript  Indicates  back* 
ward>wmvf  Interaction.  This  is  thr  type  of  Interaction  we  have  in  Carcino- 
irons,  or  BWO’s. 

In  the  preceding  paragraph*^  we  have  been  examining  the  apparent  velocity 
with  which  the  fields  at  th^  edge  of  the  Angers  of  the  slow-wave  structure 
appear  to  the  electrons.  We  could  form  a  diffevent  viewpoint  by  synthesising 
the  known  fields  with  a  series  of  traveling-wave  modal  components.  Were 
we  to  do  this  rigorously  we  would  And  thet  their  velocities  would  be  identical 
to  those  given  In  Equations  27-1  and  21-2.  These  traveling-wave  modal  com¬ 
ponents  are  called  space  harmonics,  and  for  any  given  wave  traveling  down 
the  slow-wave  structure  there  are  an  infinite  number  corresponding  to  odd 
integers,  n,  traveling  with  various  velocities  both  forward  and  backward. 


27«1.2  Elactnm  Intoraollon  With  Iho  Spaca  Harmonica 

If  an  electron  travels  In  the  sente  direction  and  at  the  tame  velocity  as  a 
space  harmonic,  then  It  sees  a  steady  force  due  to  it,  but  It  sees  alternating 
forces  due  to  all  the  other  space  harmonics.  In  most  cases  we  can  assume 
that  the  efiects  of  these  other  nonsynchronoui  space  harmonics  on  the  elec- 
ttrtns  are  small  since  the  average  of  the  forces  taken  over  a  long  time  is  nil. 
Therefore,  to  the  synchronous  electron  the  space-harmonic  field  with  which 
it  U  lyndtronous  appears  to  be  a  static  Aeld.  The  typical  shape  of  space- 
'^armonic  electric  Aeld  for  an  M-type  BWO,  or  Carclnotron,  is  shown  in 
rigure  27-2. 

in  this  view  we  have  taken  a  cross  section  of  the  slow-wave  structure 
oerp^mdicular  tu  the  Angers  of  Figure  27-lb  and  have  added ^a  conducting 
plane  ptrallel  to  the  face  of  the  Angers.  This  plane  is  called  the  sole;  it  has 
a  Aigh  negative  voltage  relative  to  the  slow-wave  structure  appiiicf  to  it  so 
as  t'l  esiAiiish  a  strong  x-directcd  electric  Aeld  shown  In  the  Agurc  as  Eip, 
Perpendicular  to  this  In  the  negative  y  direction  is  imposed  a  str^  ’  uniform 
magnetic  field.  The  s{)aclng  between  the  sole  and  the  slow-wave  k  icture  is 
called  a. 

Now  wo  wifl  Irr'uke  a  basic  concept  of  electron  motion  in  crossed  electric 
and  magnetic  'Mds'  In  a  region  of  uniform  magnetic  field  and  nearly  uni¬ 
form  electric  field  in  which  the  electric  field  is  always  perpendicular  to  the 
magnetic  field,  eiectrom  always  drill  in  Ike  direction  EX  B  and  with  the 
velocity  K/B,  p.'ovided  ti.e  time  or  space  rate  of  change  of  the  electric  field 
is  small  compared  with  the  length  or  period  of  a  cycloid.  Therefore  a  ribbon 
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Fsovri  i7»3  EIcctrcn  inUractlon  in  th«  crontd-Aakl  tub#. 

of  electroni  ti  rapreicnted  by  the  dotted  11»m  of  Figure  27*2  which  ere 
injected  into  the  interaction  iptce  by  an  electron  gun  will  drift  in  the  i 
direction  with  the  velocity  and  if  the  velocity  of  the  epace-harmonic 

fields  is  equal  to  thii^  then  the  moving  electrons  effectively  see  the  space 
harmonic  u  static  Aelds.  Therefore  whenever  synchronism  exists^  electrons 
drift  in  the  direction  perpendicular  to  the  space-harmonic  fields  as  shown 
by  the  v-shaped  arrows  so  that  they  congregate  in  the  region  form¬ 
ing  one  bunch  per  space-harmonic  wavelength.  In  these  bunches  the  electrons 
work  their  way  across  from  the  original  beam  position  to  the  slow- wave 
structure,  staying  locked  in  synchronism  as  they  do,  and  they  move  against 
the  s  component  of  the  space-harmonic  electric  held,  so  that  they  give  up 
their  d-c  acquired  energy  to  the  rf  Add«.  Therefore  energy  Is  given  up  from 
the  d-c  applied  held  to  the  wave  which  gave  rise  to  the  space  harmonic, 
causing  the  wave  to  grow.  Slater  (Reference  3)  give  a  good  diKussion  of 
crossed-Aeld  interaction  for  the  magnetron  oscillator. 

Now  In  Figure  27-2,  with  the  space  harmonic  and  electron  velocities  bring 
identical  and  from  left  to  right,  as  shown  by  the  arrows  labeled  Vja  and 
the  wave  which  gave  rise  to  this  space  harmonic  could  have  been  trav¬ 
eling  on  the  slow-wave  structure  in  any  one  of  the  three  directions:  (a)  the 
positive  f  direction,  (b)  the  negative  s  direction,  or  (c)  the  x  direction  with 
no  propagation  along  s  at  all.  Ca!M5  a  is  the  typo  of  interaction  in  forward- 
wave  amplIAers  where  the  beam  is  progressively  bunched  as  the  wave  grows; 
Case  b  is  the  type  of  Interaction  in  backward-wave  oscillaiors  and  ampll- 
Aers  where  the  beam  Is  progressively  bunched  as  U  progressively  moves 
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towsfd  Um  weftktr  flcldx,  but  regenerate*  itiel!  becauat  the  bunched  elec¬ 
tron*  feed  energy  to  the  low  power  or  input  end  of  the  elow-wav*  etructure; 
and  c  I*  the  type  of  interaction  often  u*^  in  the  voltage-tunable  nugnetron. 

27.2  Deaeriptlon  of  Tube  OperKUtm 
Lot  Uf  look  at  the  nuinner  in  which  crotscd-fleld  interaction  i*  u*ed  in  the 
operation  of  the  forward-wave  amplifier,  the  backward-wave  amplifier,  the 
BWO,  and  the  vcltege-tunabla  msgnetron.  The  echcmatic  repreeentaticn*  of 
theee  tube*  are  *hown  in  Figure  27-£. 


(*)  Forward-wave  ampUfler  (6)  Bacliward-wavt  ampUfier 

(or  locked  BWO) 


(e)  Backward-wave  oidUator  (d)  VolUit-tumMe  meiBetron 

Fiouai  27-1  Frindplee  of  operalloe  of  four  typee  of  crowed-fietd  tuboe. 


i7.2.1  Forward-Wave  AiiipllfleaUon 

The  input  rf  power  of  the  forward-wav*  amplifier  in  Figure  27-3a  ii  fed 
into  the  ibw-wave  itructure  at  the  end  where  the  beam  li  injected,  and  the 
beam  interacts  with  a  lynchronou*  forward  apace  harmonic  causing  me  signal 
to  be  amplified.  A*  electron*  interact  they  are  drawn  over  to  the  slow-wave 
structure,  and  any  electrons  that  have  not  completely  interacted  are  col¬ 
lected  on  the  collector.  The  propagation  characteristic  or  the  slow-wave 
structure  is  adjusted  so  that  the  first  forward  space-harmonic  velocity  is 
constant  over  a  relatively  wide  band  of  frequencies,  so  that  the  ampUfleation 
bandwidth  Is  broad— typically  as  broad  as  a  traveling-wave  tube.  It  it  con- 
VKntcHt  to  expreu  graphically  the  relationships  between  frequency  and  the 
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phaie  vilockles  of  the  ipece  hermonics  by  metm.  of  the  fo-ceiled  m-fi  ploti. 
(An  alternative  method  i«  the  uee  of  the  c/v  vwm  A  diifram,  which  li 
preferred  by  aome  workera  in  the  field.  This  ditfrtm  haa  the  following  ad* 
vantage#:  the  lirnea  of  constant  phase  velocity  are  simply  horiaontal  linea 
corresponding  to  given  values  of  Uie  ordinate  c/v\  the  group  velocity  is  given 
by  the  ordinate  at  tiie  Intercept  of  a  line  tangent  to  the  phase-velodty  char* 
acteristic  at  any  point;  also  the  ^^cyclotron-resonance’’  relations  are  repreMnted 
by  simple  straight  lines  on  this  dla^am) .  The  value  of  is  defined  as  the  ratio 
of  w  to  phase  velocity.  Therefore  in  the  case  of  s(>ace  harmonics,  U  equal 
to  for  forward  space  harmonics,  and  for  backward  space  ^r- 

monies.  Thus  if  we  plot  w  vtrtM  for  any  given  sh^-v^ave  circuit,  the  elope 
of  the  line  from  the  origin  fi  ^0)  io  the  point  of  interest  on  the  curve 
is  equal  to  the  space-harmonic  velocity.  The  velocity  with  which  energy  or 
modulation  intelligence  propagates  down  the  line  Is  called  the  group  velodty, 
and  can  be  shown  to  be  equal  to  dWdfi*  Therefore  the  slope  of  the  m-fi  curve 
at  any  point  is  equal  to  the  group  velocity.  A  suitable  plot  for  the 
forward-wave  amplifier  is  shown  In  Figure  27-4,  with  the  solid  segments 

of  th*  curve  corresponding  to  the  for¬ 
ward  space  harmonics  and  the  dashed 
segments  corresponding  to  the  back¬ 
ward  space  harmonics.  It  may  be  seen 
that  if  the  electrons  have  a  velocity 
corresponding  to  the  slope  of  the  line 
oab  they  are  synchronous  with  the  space 
harmonic  over  tlie  frequency  range 
to  wk,  and  therefore  this  Is  the  amplifi¬ 
cation  bandwidth.  The  shaping  of  the 
M-p  curve  for  synchronisation  of  the 
electrons  with  the  space  harmonic  over  the  range  «u«  to  is  called  "broad- 
banding*'  the  structure.  The  low-  and  high-frequency  cutoffs,  <u/,,  and 
define  the  first  passband.  It  should  be  pointed  out  that  there  are  many 
higher-frequency  pissbands  Mparated  by  stop  bands,  with  w-/9  characteristics 
ilmilar  to  that  of  the  first  passband.  However,  their  fields  are  usually  so 
weak  as  to  be  Insignificant  in  comparison  with  the  fields  of  the  first  pass- 
band,  so  they  usually  do  not  cause  trouble. 

It  is  to  be  noted  that  there  Is  no  inherent  feedback  mechanism  in  the  for¬ 
ward-wave  amplifier  as  there  Is  in  the  backward-wave  amplifier  to  be  de- 
Krlbfd  next. 


riovRK  27-4  w-g  plot  ihcwtns  for- 
wird-wive  and  Isickward-wivs  InUr- 
action. 


27.2.2  Backwaed-Wave  Amplifier 

In  the  backward- wave  anipilfier  shown  in  Flguie  27-36,  the  power  is  fed 
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into  the  collector  end  of  the  beam  and  the  electroni  interact  with  a  tyn- 
chronoui  backward  apace  harmonic  of  this  wave,  'rherefore,  the  wave  growa 
aa  it  travela  from  right  to  left.  It  ia  to  be  noted  that  the  maximum  beam 
bunching  flelda  exiat  (if  complnie  interaction  of  all  the  beam  haa  not  occurred) 
at  the  input  end  of  thia  tube,  and  theae  bunchea  induce  aome  aignal  at  the 
input  end  of  the  structure  which  reinforcea  the  input  aignal,  conitituting  an 
inherent  regenerative  feedback  mechanism.  The  gain  of  thia  device  incrcaaea 
at  the  beam  current  ia  raiaed,  and  because  of  the  legenerative  effect,  the 
gain  becomea  infinite  at  a  particular  beam  current  called  the  oecillation 
atarting  current,  h.  In  order  for  the  tube  operatlun  above  this  current  to  be 
controlled  by  the  input  aignal,  it  muat  be  atrong  enough  to  override  the 
regenerative  effect  of  the  beam  feedback;  otherwiae  the  tube  CKillatea  in¬ 
dependently.  At  beam  curranta  below  the  oecillation  atarting  current,  the 
tube  la  a  voltage-tunable  regenerative-feedback  amplifier.  At  beam  currenta 
above  the  oscillation  atarting  current  the  tube  la  a  voltage-tunable  locked 
oscillator  in  the  presence  of  aufflcient  input  rf  driving  power,  and  in  the 
absence  of  input  power,  the  tube  becomes  a  voltage-tunable  oscillator,  or  an 
M-type  Carcinotron.  The  portion  of  the  m-fi  plot  used  In  a  backward-wave 
ampllfler  or  OKiilator  la  shown  in  Figure  27<4  as  the  segment  of  a  dashed 
cum  from  e  to  d.  In  thia  case  only  the  backward  apace  harmonic  la  used. 
As  may  be  seen,  the  backward  space-harmonic  velocity  increases  u  one  goes 
from  point  c  on  the  cur/s  to  point  d,  and  the  frequency  also  increases.  There¬ 
fore,  to  voltage  tune  a  backward-wave  ampliller  or  oeclllator,  one  merely 
varies  the  electron  vciociiy,  v  hich  must  be  synchronous  with  the  backward 
space-harmonic  velocity.  In  nwat  backward-wave  ampiifters  or  oKillatora  the 
forward-wave  portion  does  not  need  to  be  "broedbanded"  aa  in  Figure  27-4, 

and  usually  the  curve  looks  typically 
like  that  ihov/n  in  Figure  27-5.  The 
bandwidth  uawJ  is  typicality  that  between 
Uf  and  which  is  about  a  i.S;i  fre¬ 
quency  range. 

It  is  to  be  noted  that,  at  any  given 
electron  beam  velocity,  or  voltage,  the 
amplIAcatlon  bandwidth  of  the  backward- 
wave  ampliAer  exists  only  in  the  region 
where  the  line  through  the  origin  crosses  the  backward-wave  portion 
of  the  u-)2  characteristic,  and  ia  relatively  small  (1.05:1)  aa  compart  with 
a  forward-wave  ampllfler  or  traveling-wave  tube  (up  to  2:1);  but  this  nar¬ 
row  bandwidth  can  be  voltage  tuned  over  a  1.5: 1  frequency  range. 

Let  us  now  consider  operation  of  the  backward-wave  amplifier  below  start¬ 
ing  current.  Let  a  backward-wave  tube  be  outfitted  with  an  external  rf  con- 


Fiooss  27-S  u-ll  plot  for  t  htckwsrd- 
WSV3  smpliAcr  or  ntclllstor. 
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nection  at  both  iht  gun  $nd  (output)  and  th«  colltctor  end  (input)  of  the 
delay  line.  Then  If  an  external  signal  ii  injected  at  the  input,  one  obiervef  a 
backward  gain  (defined  u  20  timei  the  lc^;$  ratio  of  output  rf  voltage  to 
input  rf  voltage)  under  conditions  of  velocity  synchronism  iMtweeu  the  beam 
and  the  space-narmonic  wave  (interacting  fundamental  spatial  harmonic) 
al  r  currents  below  the  starting  current,  /t.  This  backward  gain  at« 
tain-  vfiy  values  at  beam  currents  Just  below  It  and  becomes  intinlte 
when  the  beem  current  becomes  equal  to  /«.  As  dlKUSsed  earlier,  a  type  of 
positive  -r^iback  is  inherent  in  backward-wave  interaction  and,  therefore,  the 
backwArd-wave  ampllfter  is  regenerative  in  nature. 

Small  signal  theory  indicates  that  in  order  to  attain  a  gain  of  greater  than 
20  db,  for  practical  tubes,  the  operating  current  must  be  only  about  2 
or  3  percent  below  the  starting  current.  Since  the  gain  theoretically  varies 
as  1//  —  /« at  current  approaching  /«,  it  is  clear  that  a  high  degree  of  current 
stability  is  necessary  in  working  with  backward-wave  amplification.  The 
gain  drops  off  very  rapidly  as  the  Input  frequency  or  anode  voltage  K.  Is 
varied  from  the  value  for  synchronism.  In  the  re^on  of  high  gain,  as  the 
current  Is  changed  the  gain  and  the  bandwidth  change  in  such  a  manner  u  to 
keep  the  gain-bandwidth  product  eppfoxisnately  constant.  For  high  values  of 
gain  on  the  order  of  20  to  40  db,  the  theoretical  bandwidth  between  3-db 
points  Is  very  small,  of  the  order  of  0.01  to  0.1  percent.  For  equivalent  inter¬ 
action  parameters,  the  more  dispersive  ihe  delay  line,  the  smaller  the  band¬ 
width  at  a  given  gain. 

The  center  frequency  of  the  ampilAcatlon  bund  is  voltage  tunable— usually 
by  variation  of  the  anode  voltage  V^,  For  constant  gain,  however,  one  must 
vary  the  operating  current  with  the  voltage  since  the  starting  current  varies 
with  frequency  or  voltage. 

A  greater  galn-bandwldth  product,  resulting  In  less  critical  dependence  on 
operating  current,  can  be  obtained  by  the  use  of  two  circuit  sections  In  one 
tube,  u  In  the  Cascade  (References  15  and  16)  backward-wave  ampllAer. 
The  improved  operation  is  obtained  at  the  expemsf  of  increased  complexity 
of  the  tut)e  design  and  Is  limited  by  Mturatlon  effects  (Reference  16)  peculiar 
to  croised-Aeld  Interaction. 

Let  us  now  consider  the  backward-wave  ampllAer  In  luperregeneratlve 
operation,  In  the  operation  of  a  hlgh-galn  backward-wave  ampliAer,  the  cur¬ 
rent  is  close  to  the  starting  current  where  the  gain  virlea  very  rapidly  with 
current.  Therefore,  one  may  expect  extreme  operational  initabillty  which 
limits  the  practical  usefulness  of  such  o))eratiori.  To  avoid  this  instability, 
one  may  utilize  superregenerative  amplIAcatlon. 

In  a  superregenerative  ampliAer  the  state  of  operation  Is  alternated  be¬ 
tween  a  nonoscillaiing  and  an  oscillating  condition.  In  the  backward-wave 
ampliAer  this  could  be  done  by  varying  the  current  cyclically  between  a 
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current  below  A  anH  a  current  above  A.  The  frequency  of  this  alternation 
should  be  much  greater  than  that  of  the  highest  frequency  of  the  modulation 
to  be  applied  to  th«*  input  signal  This  alternation  is  called  the  quenching 
cycle.  In  the  ide^M  r*  wenching  cycle  of  such  an  ampliflerf  the  tube  is  in  a  non- 
t^scilliting  or  quenched  state  during  a  small  part  of  the  quenching  cycle; 
and  during  most  of  the  cycle  the  tube  is  placed  Into  conditions  under  which 
oscillations  may  build  up.  In  this  latter  part  of  the  cycle,  a  regenerative  or 
^^sensltlve’’  state  prevails. 

The  operation  of  the  superregeneratlve  amplifier  utilises  the  dependence 
cf  the  rate  of  oscillation  buildup  on  the  amplitude  of  an  input  signal  present 
during  the  sensitive  part  of  the  quenching  cycle.  The  nature  of  the  amp!i< 
fler  with  regard  to  the  variation  of  gain  with  input  stgv^^l  depends  upon  the 
period  of  the  quenching  cycle  compared  to  the  normal  buildup  time  of  oKil- 
lations.  If  the  quenching  frequency  is  very  high  so  that  the  oscillation  never 
reaches  a  saturated  state  during  the  sensitive  part  oi  the  cycle,  then  the  gain 
is  constant  over  a  great  range  of  Input  power,  and  linear  ftnrtpll location  results. 
For  lower  quenching  frequencies  such  that  the  oscillation  saturates  during 
the  Mnsitive  part  of  the  cycle,  the  gain  decreases  with  input  power  and  the 
amplification  tends  to  be  logarithmic. 

A  knowledge  of  the  buildup  time  In  the  abMnce  of  an  input  signal  Is  Im¬ 
portant  for  the  understanding  and  design  of  superregeneratlve  amplifiers. 
A  theoretical  determination  of  the  rate  of  buildup  including  the  effects  of 
space  charge  and  line  attenuation  is  complicated,  but  if  one  neglects  these 
effects  and  assumes  the  oscillation  builds  up  as  In  a  small-signal  state, 
then  it  is  found  that  r  decreases  rapidly  from  Infinity  for  /  Just  greater  than 
A  and  decreases  slowly  for  /  >  3A.  This  calculation  aisumes  that  the  current 
is  instantaneously  set  to  the  value  /  at  f  =  0,  whereu  in  reality  the  current 
rises  to  the  value  of  /  !n  a  finite  time  after  passing  A<  From  r  one  can  esti¬ 
mate  the  total  buildup  time  from  noise  to  usual  operating  levels.  For 
//A  >  l.S  one  finds  a  theoretical  buildup  time  of  the  order  of  to 
10'*  seconds  for  most  practical  tubes.  The  effect  of  space-charge  is  to  de¬ 
crease  this  time  so  that  those  values  may  be  conaldered  aa  upper  limits.  By 
operating  closer  tc  A  one  may  Increase  the  buildup  time  considerably  and 
therefore  the  gain,  but  this  increase  Is  limited  by  operational  instability  as 
/  is  made  too  close  to  Ai  where  r  varies  rapidly  with  /.  The  choice  of  /  Is 
governed  by  the  requirement  of  a  buildup  time  sufficiently  greater  than  the 
required  quench  cycle  so  as  to  obtain  sufficient  gain. 

In  utilixing  a  backward-wave  amplifier  for  su|>erregeneratlve  operation  over 
a  wide  range  of  signal  frequencies  it  Is  necessary,  as  in  oi>eratlon  below 
starting  current,  to  vary  the  operating  current  with  frequency  in  order  to 
maintain  a  constant  gain  since  the  starting  current  varies  with  frequency. 

The  superreKcncrstive  amplifier  has  a  gain-bandwidth  product  which  Is 
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much  greater  than  that  of  the  regenerative  amplifler.  The  bandwidth  will  vary 
with  the  quench  frequency  and  with  the  quench  waveform.  Generally,  the 
less  time  spent  in  the  regenerative  or  aeniitive  part  of  the  quench  cycle  the 
wider  the  bandwidth. 

27.2.3  Backward*Wave  OedUation 

Figure  27-3c  shows  a  schematic  repreuntation  of  the  M-type  BWO,  or 
Carcinotron,  which  differs  from  the  ^ckward-wave  amplifler  only  in  that 
the  input  is  terminated  in  a  reHectionless  load,  and  the  tube  is  always  oper¬ 
ated  above  the  oscillation  starting  current,  /«,  characteristic  of  this 

type  of  tube  Is  shown  in  Figure  27-5.  The  rf  pew?  output  appears  at 
the  outptit  terminal,  but,  because  of  incidental  redectiens  along  the  slow- 
wave  structure  or  at  the  output,  some  power  Is  reflected  and  profreif.es  down 
the  line  toward  the  collector  end  of  the  tube.  There  are  normally  no  space 
harmonics  interacting  with  this  reflected  power,  but  if  the  power  Ss  re-re¬ 
flected  it  combines  with  the  electronic  feedback  mechanism  both  regener- 
atSvely  and  degeneratively,  causing  periodic  wiggles  or  holes  in  the 
voltage-frequency  curve  and  power^frequency  characteristic.  Therefore,  the 
slow-wave  circuit  at  the  collector  end  is  terminated  as  reflectionlessly  as  pos¬ 
sible. 

The  frequency  of  oscillation  is  determined  by  the  velocity  synchronism 
condition  between  the  beam  and  circuit  space  harmonic.  Variation  of  electron 
velocity  v,,  which  is  equal  to  {Vm  +  V(m)/Baf  voltage  tunes  the  tube.  (See 
Figure  25*13  for  deflnltion  of  voltages.)  The  electrical  parameter  of  the  tube 
which  is  varied  to  accomplish  voltage  tuning  is  either  Vkt  or  the  cathode¬ 
line  or  sole-cathode  voltage.  For  sweeping  the  complete  band  of  the  tube, 
Vki  is  varied;  while  for  tuning  or  frequency  modulation  ever  a  narrower  band 
the  sole  voltsge  i»  varied. 

The  beam  current  may  be  controlled  by  either  the  grid  voltage  Vkg  or  the 
accelerator  voltage  Ka,.  By  these  means,  amplitude  modulation  may  be  ac¬ 
complished. 

The  efflciency  and  power  rapidly  increases  with  current  for  ///«>1.5,  and 
the  cfflclency  tends  to  level  off  for  ///n>3.  The  operating  currents,  and 
therefore  the  output  power,  are  limited  by  the  delay-line  dissipation  and 
usually  are  In  the  range  2/«  to  5/«.  Moderate  to  high  efficiencies,  15-50  per¬ 
cent,  inherent  In  M-type  devices,  have  been  attained  in  CW  backward-wave 
oscillaturi  of  the  M-type  in  the  microwave  range  of  1000-10,000  Mcs. 

If  the  attenuation  region  In  the  tuba  is  pericct  then  there  is  no  frequency 
pulling,  in  theory.  In  this  case  a  Rieke  diagram  of  the  tube  should  show 
circles  of  cotuiani  power  but  no  frequency  shifts.  If,  in  addition,  the  output 
transition  presents  no  reflection,  then  the  circles  of  constant  pov/er  are 
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centered  at  the  origin.  Thii  ihowi  (hat  the  maiimum  UMful  power  li  ob¬ 
tained  in  the  load  when  the  tube  operatM  into  a  matched  load  ai  leen  Juit 
inside  the  output  transition.  W'ith  a  perfect  attenuation  region  the  tube  can 
work  into  a  load  with  any  value  of  VSWR  without  frequency  pulling  or 
frequency  discontinuities  as  occur,  for  example,  in  the  "sink”  region  of  the 
Rieke  diagram  for  a  magnetron. 

An  imperfect  termination,  or  irregularities  In  the  delay-line  structure,  leads 
to  the  introduction  of  frequency  pulling  and  the  possibility  of  frequency  dis¬ 
continuities  for  loads  of  high  VSWR.  This  is  beuuss  tlv'  'it  ^ks  of  reflec¬ 
tions  at  both  ends  of  the  delay  line  permits  an  additional  type  of  ^'*<‘(lbai:k 
which  may  be  regenerative  or  degenerative  depending  on  the  elKtrict!  I  .rgth 
between  reflections.  Whenever  a  parameter  stieh  as  ^s  anode  voltage  or  ' ' 
output  load  phase  Is  varied  through  a  condition  where  degenerative  feedback 
occurs  due  to  reflections,  frequency  dUcontinultles  c  '  boles  may  result.  For 
loads  of  high  VSWR  and  a  poor  attenuation  region,  ten  or  more  frequency 
holes  may  result.  Well-deelgtied  attenuation  regions  and  accurate  delay-lines 
will  eliminate  this  type  of  frequency  hole.  The  space  charge  of  the  beam  has 
a  second-order  eflect  on  frequency,  causing  frequency  pushing.  Pushing  is 
deflned  as  the  cliange  of  frequency  with  beam  current  when  all  other  para¬ 
meters  are  held  constant.  Frequency  deviatioriS  due  to  pushing  are  typically 
of  the  order  of  0.6  percent  of  center  frequency  u  the  beam  current  is  varied 
so  as  to  cause  the  power  output  to  vary  from  sero  to  its  normal  operating 
value. 

If  the  backward-wave  tube  Is  provided  with  an  input  as  shown  in  Figure 
37-36,  then  tho  injection  of  a  signal  at  the  input  may  result  in  locking  of  the 
free-running  oscillation  to  the  frequency  of  the  Injected  signal.  The  theore¬ 
tical  determlnstion  of  the  locking  range  of  frequency  is  complicated  If  space- 
chargr  effeciK  are  Included.  A  classical  small-signal  treatment  which  neglKts 
the  space  charge  rhows  that  the  locking  range  of  frequency  is  proportional 
to  the  ratio  of  injected  power  to  the  output  power  of  the  free-running  okII- 
lator.  When  this  ratio  is  unity,  theory  predicts  a  typical  locking  range  of  a 
few  percent.  Experimentally,  one  often  finds  locking-range  values  greater 
than  those  predicted  by  theory. 

If  one  Injects  power  of  the  same  order  as  the  output  power  of  the  free- 
running  OKillator  there  appears  a  new  feature  in  the  performance  more 
tlgnlftcant  than  the  mere  frequency  locking.  With  the  optimum  condition  cf 
frequency  locking,  the  total  output  power  of  the  locked  oKlIlator  can  be 
greater  than  the  sum  of  the  Injected  power  and  the  free-running  output 
power,  This  means  that  the  efAclency  of  the  locked  oscillator,  deflned  as 
(Pout  "  Pin)/Pu  r,  is  greater  under  the  locked  conditions  than  in  the  free 
running  state.  This  difference  can  approach  a  ratio  of  2,  which  indicates  th'.t 
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I  cAKAdc  arrAnitfmfnt  of  two  oicUUtori  can  dellvfr  more  power  at  higher 
efAciency  thar^  simple  parallel  arrangements  of  the  oeriUators.  The  driven 
tube  in  such  a  cascade  arrangement  Ss  called  a  Ditermitron,*  and  the  com¬ 
plete  system  of  the  two  cr  more  tubes  is  called  a  Bitermitron  system. 

A  qualitative  explanation  for  the  difference  In  efficiency  lies  In  the  fact  that 
in  the  free-running  case  the  rf  field  near  the  input  is  small  according  to  the 
usual  field  distribution  in  back  ward- wave  oscillators;  but  in  the  driven  case, 
the  rf  field  Is  targe  near  the  input.  Therefore,  one  expects  the  interaction  in 
the  region  near  the  collector  to  ^  more  efficient  in  the  driven  case. 

27«2i4  Voltage  Tuning  of  the  Megneilron  OeclUator 

The  voltage-tunable  magnetron  Is  different  in  several  ways  from  the  tubes 
previously  discussed.  First  of  all,  the  beam  and  ilow-wave  structure  may 
both  be  re-entrant.  Second,  the  rf  beam  impedance  is  decreased  and  the  d-c 
anode  current  Is  controlled  and  Unrated  either  by  means  of  temperature  limit¬ 
ing  the  emission  from  the  cathode  or  by  the  use  of  an  Injected  beam.  In  the 
biter  case  a  whirling  tubular  sheaih  of  electrons  from  a  cathode  Is  injected 
into  the  generally  cylindrical  re-entrant  interaction  space  formed  by  the 
anode  and  an  inner  nonemitting  electrode,  often  called  the  sole,  and  since 
the  rate  of  electron  Injection  Into  the  Interaction  space  may  be  controlled, 
the  apparent  emission  will  appear  to  be  temperature  limited. 

Since  the  slovr-wave  structure  is  electronugneticaliy  re-entrant  in  the 
typical  case  the  operating  values  of  are  fixed  at  those  diKreet  values,  or 
modes,  which  satisfy  the  re-entrance  conditions,  generally  an  Integral  number 
of  wavelengths  around  the  structure. 

The  iiow-wave  structure  then  forms  an  integral  part  of  an  rf  rerjnant 
circuit,  and  this  is  then  heavily  reslstlvely  loaded  by  the  output  line,  or  by 
other  means.  The  electrons  which  form  the  rotating  sheath  are  bunched  into 
^^spokes"  as  in  the  care  of  the  conventional  magnetron  oscillator,  and  be¬ 
cause  the  effective  emission  Is  limited  the  rotational  velocity  of  these  bunches 
can  be  varied  by  varying  the  sole-anode  voltage,  without  affecting  the  amount 
of  current  drawn  by  the  tnode. 

These  electron  bunche^t  induce  inductive  or  capacitive  currents  in  the  slow- 
wave  structure,  depending  on  whether  they  travel  slower  or  faster  than  the 
speed  corresponding  to  the  mfdband  frequency  of  the  tank  circuit.  This,  in 
effect,  moves  a  small  portion  of  the  u-;?  curve  up  and  down  in  the  vicinity 
of  the  fixed  value  of  ft  corresponding  to  the  operating  mode  of  the  slow- 
wave  structure,  as  illustrated  by  Figure  27-6.  A  voltage-tuning  diagram  can 
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tw  obulncd  by  lollowliig  points  t,  b,  uid  c, 
on  tiia  curves,  which  correspMsd  to  sole- 
anode  votuges  and  Ve.  The  typical 

voltage-frequency  variation  of  the  voltage- 
tunable  magnetron  is  linear  and  proportional. 

It  should  be  pointed  out  that  the  value  of  fl 
can,  In  general,  be  fixed  at  as  many  discreet 
values  form  0  to  2v/d  u  there  are  anode 
segments  in  the  slow-wave  structure  and  that 
voltage-tunable  operation  may  be  obtained  in 
Fwum  ir-s  m-f  plot  for  a  forward-wave,  backward-wave,  or  stand- 
voitste-tuasblo  ms«n.tron, 

27.8  The  M-Type  Backward-Wave  Oeclllator  (M-Type  Carcliiotron) 
27.8.1  Physical  Choraoterletlee 

The  basic  elements  of  a  backward-wave  tube  are  indicated  schematically 
in  Figure  27-7  with  the  usual  arrangement  of  applied  d-c  voltages. 


1 

i. 

1 


T- 


Fiovu  37-7  Schematic  diagram  of  an  M-typa  BWO. 


The  arrangement  of  the  basic  elements  may  be  separated  Into  three  regions: 
the  gun  region  bounded  by  the  cathode,  grid,  and  accelerator;  thr  interaction 
space  bounded  by  the  delay  line  and  the  sole;  and  the  collector  region 
usually  bounded  by  the  actual  collector  element  and  the  sole.  In  practical 
tubes,  the  collector,  as  well  as  the  delay  line,  Is  an  integral  part  of  the  tube 
body  which  Is  maintained  at  groundpotentlal. 

With  the  appropriate  values  of  applied  potentials  and  ihe  appropriate 
value  and  direction  of  magnetic  held  (see  Figure  27-7),  the  electron  beam 
Is  formed  In  the  gun  region,  passes  through  the  Interaction  region,  and  is  col¬ 
lected  under  operating  conditions  at  both  the  delay  line  and  the  collector.  In 
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order  to  obuin  the  correct  beam  trinimliilon,  it  b  Important  to  apply  the 
magnetic  held  in  the  correct  aenae. 

In  most  tubesi  the  delay  line  Is  of  the  interdigital  type.  In  backward*wave 
oscillators^  the  r(  input  is  absent  and  a  portion  of  the  delay  line  adjacent  to 
the  collector  Is  modified  suitably  with  means  of  attenuation  so  as  to  pro^dde 
an  adequate  termination  for  the  absorption  of  any  power  reflected  from  the 
output.  In  the  amplifier  or  Bltermltron,  no  attenuation  is  specifically  intro¬ 
duced  into  the  delay  line  and  an  rf  input  connection  is  provided. 

In  most  practical  tubes  the  interaction  space  is  annular  rather  than  linear. 
Figure  27.1  shows  a  cross  section  of  a  typical  tube,  and,  pictorially,  the  path 
of  the  electron  beam  and  the  rf  energy  under  oscillating  conditions. 


Kiousk  27.S  Ekmenii  ef  en  M-type  BWO. 


Fkoust  27*9  g.bsnd  M-typt 
fiWO  ihowtns  Inttmil  conitruc- 
tion. 


The  header  is  that  portion  of  the  tube  in  which  the  electrode  leads  arc 
brought  out  to  external  terminals;  it  comprises  the  principal  projection  from 
the  main  cylindrical  body  of  the  tube  in  addition  to  the  rf  output.  Doth 
radial  and  axial  headers  have  been  used,  but  the  axial  is  preferred  because  of 
advantage  in  tube  construction  and  because  it  is  more  adaptable  to  the  use  of 
a  tcroidal-type  magnet,  which  has  adviinUge  over  other  types  of  magnets,  as 
detailed  below.  Figure  27-9  shows  a  packaged  S-band  tube  with  a  part  of 
the  tube  cut  away  to  show  some  of  the  Internal  construction.  The  form  of 
the  turcidal-type  magnet  is  also  uhown.  Its  self-cnclaiure  causes  Its  field  to 
decrease  very  rapidly  outside  the  magnet;  this  valuable  shielding  function  is 
not  found  In  other  types  of  magnets.  For  example,  for  a  typical  S-band  tube 
utilising  a  toroidal  magnet,  the  field  at  any  point  5  inches  away  from  the 
externa]  boundary  is  lens  than  50  gauss  when  the  magnet  is  stabilised  at  a 
gap  field  of  1200  gauss.  In  general,  the  field  outside  the  magnet  decreases  as 
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i/f*,  wher*  r  it  the  rediut  from  the  center  of  the  magnet.  Thli  dependence 
on  r  ii  limply  that  of  a  dipole. 

Ficure  i7>9  alto  ihowt  in  croai  lection  a  cylindrical  Ilquid>cooIing  channel 
at  the  periphery  of  the  tube  body  and  one  of  the  external  connection!  to  thli 
channel,  ne  liquid  cooling  of  the  tube  cylinder  removei  the  heat  which  U 
generated  by  the  interception  of  the  beam  at  the  delay  line  and  the  ccliector. 
In  moat  tubea  deiigned  for  appllcatloni  where  thermal  frequency  drift  re¬ 
quirement*  are  not  levere,  the  aole  la  not  spedAcaily  deiigned  for  direct 
cooling;  but  lome  cooling  of  the  lole  ii  effected  b>'  cooling  of  the  lol*  lup- 
port-header  projection. 

The  inaide  of  the  body  of  i  typical  C-bend  tube  ii  iihown  in  Figure  27-10, 
ahowing  the  electron  gun  end  of  the  interdigital  ilow-wave  itructure.  Figure 
27-11  ihowa  the  collector  end  of  the  ilow-wavt  itructure.  Reflectionleae  ter- 


Fioupt  27-10  Phoiogrtph  of 

e!«ctrun-iun  tnd  of  a  ilow-  Fiouaic  27-U  Photograph  of  tba  colloctor  and  of 
wave  fttructuri.  a  structure. 

minfttion  of  th«  itructure  la  Achieved  by  putting  a  thin  coating  of  iron  or 
other  loiay  material  on  a  number  of  the  end  Angera,  Loasy  ceramic  termlna- 
tloni  are  aometimea  uaed  In  low-power  tubea,  and  at  low  frequenclei  (below 
L-band>  thli  end  of  the  alow- wave  itructure  la  aometimea  brought  out  of  the 
tube  through  another  terminal  which  la  terminated  externally.  The  collector 
Is  located  beyond  the  end  of  the  rf  termiruitlon  of  the  alow-wave  airucture, 
and  conalita  of  a  beam-Intcrceptlon  itructure  which  hai$  a  good  thermal  path 
to  the  body  and  cooling  Jacket  of  the  tube  ao  that  it  can  readily  dlisipate  the 
beam  power. 

The  radial  electric  Aeld  Is  provided  by  the  aole  electrode,  which  la 
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placed  Inside  the  slow-wave  structure.  The  sole  is  often  used  alto  lot  mount¬ 
ing  the  electron  gun.  A  photograph  of  the  inside  of  an  M-type  BWO  with  the 
sole  and  gun  mounted  In  position  is  shown  in  Figure  27-12.  Because  the  sole 
must  operate  at  a  high  negative  voltage  relative  to  the  body,  it  is  mounted 
on  an  insulating  ceramic.  The  electron  gun  electrodes  are  also  mounted  ./itb 
Insulating  ceramics. 

A  cross-section  view  of  the  electron  gun  typically  used  in  magnetron  type 
backward-wave  OKillaiors  and  ampllftert  is  Aown  in  Figure  27- IJ,  lliis  is  a 


Ptovis  27-12  Photofrapb  of  the  Inildi 

of  sn  M-type  BWO  showlna  sole  end  gun  Fiooss  27-IJ  An  electron  snin  of  sn  M- 
mounted  In  poiltion.  type  BWO  ehowlng  the  beam  form&lion. 

photograph  of  the  actual  beam  in  an  M  type  BWO  gun  as  studied  In  a 
manned  space  chamber.  The  electrode  cross  sections  have  been  emphasised 
and  a  schematic  external  circuit  diigrani  has  been  added  to  the  photograph. 
In  this  gun  the  electrons,  emitted  from  the  strip  cathode,  are  initially  atv 
celerated  toward  the  accelerator  because  of  the  positive  voltage  impressed  on 
it  relative  to  the  cathode.  The  magnetic  held  bends  the  electron  trajectories 
to  the  left,  forming  a  half  a  cycloid;  and  then  the  electrons  enter  the  ilow- 
wave  structure  space  with  its  stronger  electric  held,  which  straightens  out  the 
trajectories.  The  beam  current  is  controlled  either  by  varying  the  poeltlve 
accelerator  voltage  cr  by  varying  the  negative  voltage  applied  to  the  channel- 
shaped  grid.  It  is  important  to  note  tlut  neither  of  these  electrodes  has  a 
hrst-order  effect  on  the  electron  velcclty  In  the  sole-circuit  region  since  the 
velocity  there  dep<mda  on  E/B  and  not  on  the  entrance  conditions.  The 
electron  gun  Is  designed  to  give  the  thinnest  and  smoothest  beam  possible, 
even  though  the  sole-to-Hno  voltage  varies  by  a  factor  of  2 : 1. 

The  external  api^earance  of  the  M-type  BWO  roughly  resembles  that  u(  a 
CW  magpetron,  except  for  the  absence  of  any  mechanical-tuner  mechanism. 
Figure  27-M  shows  typical  ISO-watt  lubes  in  th(s  C-  to  X-band  frequency 
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range.  Each  hai  a  packaged  weight  of  15  lb  with  a  magnet  dimeter  of  6^ 
in,  and  an  over*all  axial  dlmeniion  of  4yi  In,  Figure  27-15  ihowi  a  family  of 
200-wBtt  oacillatori  ranging  from  an  L-band  tube  to  an  X-band  tube. 
tubei  generally  'lyalgh  about  20  lb  and  have  a  magnet  dlanteter  of  7}4  in. 
The  phyelcal  uniformity  in  thii  family  of  tubes  ii  vlesirable  and  faaflbla  in 
the  principal  microwave  range  of  1  to  11  kmc.  In  Figure  27-16  are  ihown 
lome  typiral  400-WBtt  oaclllaton,  which  are  very  close  in  alae  and  weight  to 
the  200-watt  tubes. 

27.8.2  Operating  Characterletlos 

The  principle  feature  of  BWO'i  is  their  voltage-tuning  capability.  In  the 
M-type  BWO,  voltage  tuning  li  obtained  by  varying  the  line-to-iola  voltage 
Fki  4-  ^>1  to  which  the  beam  velocity  is  proportional.  By  equating  the  beam 
velocity  as  a  function  of  voltage  to  the  expreeaion  (Equation  27-2)  for  cir¬ 
cuit  phase  velocity,  a  frequency-voltage  relation  i*  derived: 

Fh  -I-  (27-3) 

The  Hcond  term  In  the  denominitor  of  Equation  27-2  l«  typically  of  the 
order  of  Vi  to  Vi  in  the  voltage-tuning  range  of  moit  tubes  lo  that  a  varia¬ 
tion  of  2:1  In  Vkt  +  Via  resulU  In  about  a  1.5:1  variation  In  frequency.  In 
existing  tubes,  this  is  about  the  maximum  tuning  range  consistent  with  good 
efficiency. 

It  is  important  to  keep  the  electron  beam  in  as  nearly  the  san^  position 
as  possible  as  the  tube  is  voltage  tuned.  The  most  satisfactory  method  of 
voltage  tuning  from  the  standpoint  of  optimum  efficiency  and  tuning  range  is 
to  fix  the  voltages  from  cathode  to  tisc  accelerator,  sole,  and  grid,  end  vary 
the  anodt  voltage  Vhi  from  this  combination  to  ground.  Voltage-tuning  ranges 
of  1.5:1  can  be  obtained  In  this  way  with  good  power  output,  biU  they  have 
the  diudvantage  of  requiring  the  modulating  circuit  to  carry  the  beam  cur¬ 
rent.  Also,  the  sole,  grid,  and  accelerator  voltage-supply  chaMls  must  be 
varied  in  vclUga  with  respect  to  ground,  and  this  puts  a  practical  limit  cn 
the  rate  at  which  the  frequency  can  be  varied.  From  the  circuit  standpoint, 
the  most  satisfactory  way  to  voltage  tune  the  tube  is  to  vary  the  sole  volUgo 
Vmk  only,  leaving  all  other  voltiiges  fixed,  Since  the  uio  be  so 

that  the  sole  current  is  very  snml!,  this  method  of  tuning  obviously  elimin¬ 
ates  many  circuit  problenui.  The  widest  practical  tuning  range  that  hsi 
been  achieved  to  r'ate  by  thia  method  is  about  1.2;  1,  ilmiled  by  deteriora¬ 
tion  of  electron  optics  at  the  end  of  this  tuning  range.  Tubes  can  be  de¬ 
signed  to  cover  both  the  upper  end  lower  1.2:1  portions  of  the  total  1.4:1 
range  by  two  choices  of  anode  voliage. 
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Fiounr  27-19  Ptrformanct  cwrvfi  for  t  200-wfttl  X*bind  M-typt  BWO  with  inode 


voltiie  tunlni,  QK634.  /tit  211^  mi:  /f..  9600  vo!t>. 


Curvci  of  frequency,  power,  end  rfHciepxy  versus  anode  voltage  for  200- 
watt  CW  tubes  at  S-,  C-,  and  X*band  frequency  ranges  are  shown  in  Figures 
27-17  through  77-19.  In  Figure  27-20  are  shown  simitar  curves  for  a  400- 
watt  L-band  oKillator.  For  these  curves,  the  accelerator,  grid,  and  sole 
voltages  were  held  constant  with  respect  to  the  cathode.  For  these  and  other 
existing  tubes,  the  tuning  ranges  are  typically  1.4:1.  Sole-tuning  curves  for 
L-  and  C-band  tubes  are  shown  In  Figures  27-21  and  27-22;  it  may  be  seen 
that  the  tuning  ranges  for  existing  tubes  are  about  1.2:1.  The  tuning  rates, 
i.e.,  megacycles  per  volt,  are  essentially  the  same  as  in  the  anode-voltage 
tuning  curves,  In  part,  the  high-frequency  end  of  this  sole-tuning  range  is 
limited  by  reduction  of  the  efAciency  and  the  low  end  is  limited  principally 
by  excessive  sole  current.  The  fact  that  only  the  sole  voltage  needs  to  be 
varied,  however,  makes  this  {y\ye  of  o|)eration  attractive  for  equipment  use 
in  spite  of  the  restricted  tuning  range. 

In  Table  27-1  arc  listed  all  active  tubes  of  the  M-type  BV/ C)  class  as  supplied 
by  the  Advisory  Group  on  Electron  Tubes  (AGET),  valid  on  June  1,  1959. 
This  list  includes  ail  M-tyi)e  BWO*a  in  active  development  or  in  production 


CROSSED-FIELD  MICROWAVE  TUBES 


27-33 


I 

f 

J 


M 


M 


H 


Fwvu  27-20  Pii’fonsanct  curvM  iot  a  400-watt  L-baad  M-typ«  BWO  with  anoda 
vdlUft  tuning,  QKA77B.  />i  b  450  m.  £••  »  1100  volti. 
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rerformanca  curvti  lor  a  200-witt  L-btnd  M-type  KWO  with  lole 
voltage  tuning,  QK656.  /k*i  300  ma. 
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SOTMS 

SHuriiy  €Ut$ificBlhn  oi  aU  tubti  U  CONFIDENTIAL  except  whtrt  UNCLASSIFIED 
!•  noUd  In  “Rtmarlu*’  column. 

Structure  ol  all  tuUi  b  backward  wavt,  M-typ«. 

AU  tubfx  art  voUas*  tunad. 

CoolMf  ot  all  iubci  U  liquid  except  wh«rt  "forced  air"  if  noted  in  "Remarki"  column, 
arc  all  pcrmancnti  InUsral,  except  wbcrc  "aeparate"  if  noted  In  "Remarlu" 
column. 

r/  Of  VC  tSumk$ri  prefix  Indlcatf*!  technical  Information  catefory, 

5pefijor: 

A:  Army,  actney  uncptclfled 

AS:  Army,  Slinal  Supply  Agency  (U3ASSA) 

rW:  Air  Force,  WADC 

NA:  Navy,  BUaor 

NO:  Navy,  BUord 

NS:  Navy,  BUahlpa 

SC:  Army,  Signal  Corpa,  USASBDL 

Zi  Industry  aponiored 

FR;  Air  Force,  RADC 

Compifiy  or  LubonUory*, 

BOM:  Bomac  Laboratoriee 

LIT:  Litton  Induatiiee 

MIU:  The  Unlveriity  of  Michigan 

RAW:  Raytheon  Company,  Waltham 

8YW:  Sylvania  Electric  Productf  Company,  Woburn 

VAR:  Varlan  AuocUtei 

C8F:  Compagnte  Oenerale  de  T  J.7. 

StatuM  of  Fra/ecI: 

A:  Active 
B !  Completed 

C:  Commercially  announced  or  In  production 
P:  Production 

Funciion; 

OS:  Oscillator 

OS  A:  Ampllft'r-oiciliator 
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Kiousub  27-22  Pifformancf  curx^ci  for  t  200-witt  C-band  M«typi  BWO  with  lotf 
voUixe  tuninxi  Ld396.  /»  s  275  mx. 

in  tha  United  Sutex.  Mxny  tube  typex  in  the  principx!  microwave  range  oi 
I  to  1 1  kmc  are  ihown  to  be  in  or  close  to  production,  whercu  tube  types 
in  the  K-band  range  are  still  under  development  and  not  yet  in  production. 

The  most  vddely  used  method  of  modulation  of  the  M-type  BWO  is  fre¬ 
quency  modulation  by  varying  the  sole  voltage.  The  frequency  deviation  ob¬ 
tainable  is  the  sanf>e  as  the  scle-tuning  range,  l.c.,  «.2:l.  The  maximum  rate 
at  which  this  deviation  can  be  swept  btioie  deterioration  of  the  tube  charac- 
teriatics  begins  to  occur  Is  at  least  30  Me  at  L-band  and  300  Me  at  X-band 
Tne  chiil'  practical  problem  In  obtaining  high  frequency-modulation  rates  is 
in  overcoming  the  effects  of  sole-to-ground  capacitance.  At  X-band,  this 
caprcitance  is  typically  35-50  /i/if,  at  S^band  60-70  /i^f,  and  at  L<bind 

80  fifif. 

Amplitude  modulation  Is  achieved  by  varying  the  accelerator  voltage  or  the 
grid  voltage,  thus  varying  the  beam  current.  The  power  output  may  typi¬ 
cally  be  varied  from  0  to  3  Mrnes  the  nominal  CW  power  of  the  tube  by 
varying  the  accelerator-io-cathode  voltage  from  0  to  4500  volts.  When  the 
grid  is  an  open  slot  as  shown  In  the  gun  cross  section  of  Figure  27-13,  the 
of  the  grid  with  respect  to  the  accelerator  Is  about  0.2.  Hovever,  when  wires 
are  placed  across  the  grid  slot  in  the  appropriate  positions,  the  /a  of  the  grid 
with  respect  to  the  accelerator  can  be  brought  up  to  5  or  more,  and  this 
greatly  reduces  the  voltage  swing  necessary  to  amplitude  modulate  the  tube. 
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Whenever  the  tube  it  emplitude  modulated  by  varying  either  the  grid  or 
accelerator  voltage  (while  the  tole-ilow-wave  circuit  voltage  remains  Axed) 
there  it  a  teccnd-order  frequency  variation  called  frequency  pushing,  which 
is  caused  by  the  influence  of  t^  bunched  team  on  the  slow-wave  circuit. 
When  the  tube  is  amplitude  modulated  by  either  varying  the  grid  or  the 
accelerator  voltages,  the  pushing  is  typically  0.6  percent  or  loss  of  the  center 
frequency  as  tJhe  power  varies  from  full  power  to  zero. 

27.8f8  AppUeatlona 

One  of  the  most  Impertant  applications  of  the  M-type  BWO  to  the  ECM 
problem  is  in  barrage  luid  spot  noise  Jamming  by  frequency  or  amplitude 
modulation,  or  both.  The  noise  band’ividth  can  be  varied  all  the  way  from  a 
few  megacycles  to  25  percent  of  the  operating  frequency,  thus  providing  a 
high  degree  of  flexibility  in  providing  watts  per  megscycle  vtnm  bandwidth. 
With  the  200-watt  series  of  tubes,  one  can  achieve  a  noise-power  density  of 
about  50  watts/Mc  at  4-Mc  bandwidth,  and  this  can  be  spread  out  to  as 
broad  a  noise  bandwidth  as  1800  Me  at  X-band.  The  quality  of  the  noise, 
in  terms  of  ability  to  Jam  sophisticated  radsm,  depends  mainly  on  modula¬ 
tion  rates,  particularly  the  frequency-deviation  rate.  The  noise  output  of 
an  M-type  BWO  looks  like  white  noise  to  the  most  sophisticated  radars 
available  today  whenever  the  maximum  rate  of  the  noise-frequency  deviation 
exceeds  the  Dlcke-Fix  bandwidth.  White  noise  Is  the  most  efAcient  all- 
around  noise  that  can  be  used  for  Jamming  since  it  is  perfectly  random  and 
resembles  cosmic  noise — the  ultimate  limitation  on  ie?isitivlty  of  all  radar 
receivers.  The  M-type  BWO  can  also  generate  many  ether  types  oi  Jam¬ 
ming  signals  for  speciAc  applications. 

More  and  more  attention  Is  being  given  to  the  sole-tuned  and  modulated 
M>type  BWO.  As  used  in  this  r.tanner,  the  main  power  supply  voltage  is 
Axed  and  the  frequency  control  electrode,  the  sole,  draws  very  little  current, 
and  therefore  Is  a  high  impedance  electrode.  The  frequency  coverage  at  the 
present  state  of  the  art  is  1.2: 1,  and  this  is  being  increased  by  developments 
currency  under  wny. 

The  basic  tube  efAciency  of  the  sole-tuned  tube  is  essentially  the  same  as 
that  of  the  magnetron,  but  uince  the  FM  and  AM  modulation  signals  are 
applied  to  hlgh-imptdancf  electrodes  the  system  rfAcloncies  may  be  greater 
than  those  of  the  magnetron.  The  over-all  system  efficiency  In  terms  of  noise 
watts  per  pound  of  equipment  may  be  greater  than  that  of  the  magnetron, 
which  typically  exceeds  1  watt/lh,  but  the  added  nexibillty  of  the  M-tyix; 
BWO  in  providing  variable  bandwidth  barrage  or  spot  Jamming,  together 
with  deceptir  n  Jamming,  make  it  a  very  valuable  ICCM  tool, 

27.3e4  Future  CapablUltea 

Thus  far,  the  discussion  has  centered  mainly  on  the  200-watt  setles  of 
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tubes  covering  the  frequency  ringc  of  950  to  11,000  Me.  The  feesibllity  of 
A  similar  400-watt  (minimum)  seriei:)  of  tubes  is  demonstrated  by  the  exis¬ 
tence  of  400-watt  tubes,  with  about  1.4;  1  tuning  range  at  L-  through  S- 
ber.d  and  also  at  X-band.  The  uise  and  weight  of  these  tubes  Is  no  greater  at 
the  lower  frequencies,  but  is  about  20  percent  gi eater  at  X-band. 

Power  outputs  of  10  kw  have  been  obtained  in  M-type  BWO's  at  20(M00 
Me  and  10-40  watts  has  been  obtained  at  about  35  kmc.  A  development  is 
currently  under  way  for  a  50-kw  CW  tube  tunable  over  a  1.5:1  frequency 
range  at  500  Me.  The  attainment  of  greatly  increased  power  compared  to 
that  of  existing  tubes  at  any  frequency  range  ultimately  demands  special 
means  of  overcoming  delay-line  diMlpation  limits  and,  at  high  frequencies, 
cathode  or  gun  limitations.  Generally,  the  delay-line  dissipation  problem  can 
be  overcome  at  and  below  X-band  by  the  introduction  of  liquid  cooling  in 
appropriate  delay  lines.  At  K-band  and  higher,  liquid  cooling  Is  not  feuible 
because  of  the  small  sixe  of  delay-line  elements,  and  another  method  is  re¬ 
quired.  A  novel  design  utilising  "sorting"  (Reference  17)  has  the  properties 
of  low  delay-line  dissipation  for  a  given  outptU  power,  and  offers  promise  of 
obtaining  greater  power  than  presently  possible  at  K-band  and  higher.  At 
the  preoent  limits  of  dm!opmen^  cathode  or  gun  limitations  are  serious 
only  above  X-band,  and  progress  Is  being  made  on  overcoming  these  limita¬ 
tions  by  special  gun  designs.  An  estimate  of  objective  development  capabilities 
for  M*type  BWO’s  Is  presented  in  Figure  27-23, 

27*4  Baekward-Wava  Lockrcl-Oselllator  or  AmpUfler  (Bltermltron) 

The  power  level  available  at  the  prei;ent  time  for  crossed-Aeld  BWO's  Is 
150  watts,  or  400  watts  nominal  at  both  S-  and  X-bands.  Increases  in  this 
|K)wer  would,  of  course,  be  welcome  at  any  time,  and  this  section  describes  a 
tube,  the  Bitermitron,  which  is  capable  of  Increasing  by  several-fold  the 
power  outputs  now  available.  At  the  same  time,  the  Bltermltron  has  all  the 
advantages  of  iht  crossed-Aeld  BWO. 

The  name  IVtermitron  has  been  given  to  that  class  of  microwave  tubes 
characterised  ly  the  use  of  two  rf  terminals,  one  at  each  end  of  the  delay 
line  of  the  non-re-entrant  crossed-Aeld  backward-wave  device.  For  the  ap* 
plicAtion.s  attempted  so  far,  no  attenuation,  !n  addition  to  that  Inherent  In 
the  delay  line  Itself,  has  been  used.  The  e]ectr''n  beam,  like  the  delay  line, 
is  non-re-entrant. 

The  Bltermltron  is  the  crossed-Aeld  counterpart  of  the  0-ty|)e  backward- 
wave  ampliAer.  Up  to  this  time,  Bitermltrons  have  been  made  for  u|)eratlGn 
at  both  5-  and  X- frequency  bands  by  appropriate  modlAcations  of  a 
crossed-Aeld  UWO.  Experience  indicates  that  these  tubes  can  be  m.ide  for 
fM\y  frequency  range  for  which  a  basic  BWO  has  been  developed.  Further 
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FtouRB  27-33  CbJecUvi  cipAblUt:«t  o'  M-typ«  9WO  dfvtlcpm«nt.  UliUiatlon  of  lumped 
circuit  and  llriuld-cooled  delay-line  Uchnlquii  permit  attainment  of  ipeclat  combinatloni 
of  power^  ftUe,  and  weight  In  crou-hatched  region.  The  notation  ‘*lb"  li  packaged  weight. 

•tudy  of  the  BItermitron  used  it  a  power  boofter  (Bureau  of  Shipi  Contract 
NObsr  72519)  hai  indicated  the  type  of  modifications,  particularly  of  delay- 
line  parameters,  needed  to  improve  the  tube.  With  those  modifications,  the 
BItermitron  should  be  a  less  direct  derivative  of  the  prototype  crosaed-neld 
BWO. 

Figure  27-24  is  a  photograph  of  an  S-band  BItermitron,  the  QK540,  coup¬ 
led  to  its  BWO  driver,  the  QK625.  This  arrangement  Is  used  for  power 
boosting.  The  similarity  in  construction  of  the  two  types  of  tubes  is  apparent. 
Their  operating  voltages  and  currents  are  also  similar. 

The  genesis  and  development  of  the  BItermitron  came  from  the  need  for 
higher  output  powers  than  could  be  obtained  conveniently  from  a  single- 
tul'c  BWO.  A  second  application  useful  in  countermeasures  techniques  was 
found  when  It  was  noted  that,  through  appropriate  circuitry,  the  Bitermitron 
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FxouRt  37-24  Bitfrmltron  powtr-booitir  syitem. 

could  be  uied  both  as  a  voltage-tuned  receiver  and  u  a  voltage-tusied  trans¬ 
mitter.  This  combined  use  Implies  great  simplification  of  equipment. 

2?«4.1  Hlfh-Powar  Problatn 

Cro:sed-f.eld  BWO's  have  receivid  considerable  attention  because  they 
can  be  electronically  tuned  over  a  wide  (presently  30-50  percent)  frequency 
band  while  producing  high  power  with  good  efRcioncy  (20-40  percent).  At 
the  present  state  of  the  art,  a  400-watt  oscillator  can  be  designed  for  any 
microwave  frequency  below  11,000  Me.  However,  for  power  outputs  above 
ICOO  watts,  appreciable  difAculties  are  encountered  at  frequencies  much 
greater  than  3000  Me. 

Limitations  of  the  crossed-fteld  BWO  must  be  recognised  before  the  merits 
of  various  methods  for  increasing  its  power  output  can  be  compar«?d.  Three 
recognised  limiting  factors  in  the  design  of  such  tubes  are:  delay-line  power 
dissipation,  cathode  current  density,  and  space-charge  density. 

These  three  limiting  factors  are,  unfortunately,  not  independent.  For 
example,  the  doiay-line  diulpatlon  may  be  increased  by  reducing  the  impe¬ 
dance  of  the  delay  line,  but  such  a  change  requires  a  greater  electron-beam 
current  (increased  space-charge  density  and  adhode  current  density)  or  an 
increase  in  delay-line  length  (Increased  space-charge  interaction  path). 

It  is  difficult,  in  the  present  state  of  the  art,  to  build  a  crossed-field  BWO 
having  a  conventional  interdigiial  delay  line  which  is  capable  of  producing 
!-k’v  power  output  over  a  30-50  percent  frequency  band.  Without  further 
basic  technological  knowledge,  advances  in  existing  power -output  limits  must 
probably  rely  on  modification  of  existing  designs.  For  greater  power,  one 
thinks  first  of  ccmblnlng  the  outputs  of  several  existing  OKillaiori  in  a  com¬ 
mon  load  by  connecting  the  tubes  either  In  parallel  or  in  a  series  (ciKade) 
arrangement. 

At  Arst  glance,  parallel  operation  of  the  tubes  appears  Impossible  because 
the  power  from  two  or  more  crossed-fteld  BWO^s  is  not  phase  coherent  and 
cannot  be  successfully  combined.  However,  two  methods  have  been  proposed 
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to  overcome  theee  difficulties.  In  the  ftrst  method,  a  small  perturbation  is 
for  ned  in  the  delay  lines  of  n  —  1  oscillators  if  n  are  to  be  operated  In 
parallel.  Such  a  perturbation,  if  located  at  the  end  of  the  acti^  delay-line 
section,  has  an  effect  equivalent  to  that  of  Injecting  a  lor:k!ng  signal  Into  the 
slave  oscillator  from  the  master  oscillator.  This  latter  tube  contains  no  per¬ 
turbation  of  its  delay  line. 

A  second  method  of  achieving  parallel  operation  of  two  oscillators  in¬ 
volves  enclosing  the  delay  lines  of  both  tubes  in  a  single  vacuum  envelope 
and  passing  a  single  electron  beam  over  the  lines.  Cross-coupling  through 
adjicency  of  the  delay  lines  and  through  the  electron  b^m  maintains  phase 
coherence.  This  parallel  delay-line-common-beam  arrangement  has  been  used 
to  obtain  1  kw  at  3000  Me.  Unfortunately,  this  technique  leads  to  several 
practical  problems,  which  include  difficulty  in  constructing  the  delay  lints 
and  matching  their  Impedances.  In  addition,  a  rather  wide  magnet  gap  is 
necessary.  In  contrut  to  the  arrangement  involving  perturbed  delay  lints, 
parallel  operation  of  nK)re  than  two  delay  lines  In  the  same  vacuum  envelope 
seems  impractical. 

Series  (or  ciKade)  operation  of  crossed-ffeid  backward-wave  tubes,  the 
second  general  nMthod  of  combining  the  output  of  Mvertl  oKillators,  offers 
several  advantages  o\*er  parallel  operation.  Among  these  are:  (1)  no  common 
electron  beam  Is  required  so  that  separate  vacuum  envelopes  may  be  used; 
(2)  known  delay-tine  manufacturing  techniques  are  applicable;  and  (3)  the 
magnet  gap  is  no  larger  than  that  used  in  a  cmventional  BWO.  The  most 
important  advantage  of  this  arrangement,  however,  is  that  the  output  power 
of  a  system  of  caKade  tubes  c&n  1^  considerably  larger  than  the  sum  of  the 
individual  oscillator  powers.  This  is  true  in  spite  of  the  looses  incurred  by 
transmission  of  the  driver  power  through  the  second  tube,  at  hast  at  S-band. 

37.4*2  Effect  of  Intartlon  Eom 

To  show  the  effect  of  Inset  tion  loss  on  total  power  output,  the  curves  of 
Figure  27-25  have  b^n  derived  for  a  two-tube  drlver-Bitermhron  system. 
In  each  case,  the  oscillator  efficiency  has  been  assumed  to  be  30  percent  and 
the  power  booster  efficiency  to  be  40  percent,  as  defined  on  the  figure. 

As  the  insertion  loss  becomes  higher,  the  over-all  efficiency  Is  reduced  be¬ 
cause  of  the  decrease  in  circuit  efficiency.  In  fact,  it  can  be  seen  that  for  the 
2*db  and  3-db  curves  the  over-all  efficiency  Is  less  than  that  of  either  tube. 
The  over-all  efficiency  for  high  loss  «pproaches  20  percent,  which  is  Just  half 
the  Bitermitron  efficiency.  It  is  clear  that  if  a  number  of  Bltermltrons,  each 
of  Anlte  Insertion  loss,  are  connected  in  cascade  to  produce  very  high  powers, 
the  rf  power-output  contribution  of  the  final  power  booster  may  just  balance 
Its  rf  loss  so  that  this  tube  would  not  contribute  to  the  total  power  output 
of  the  system. 
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The  curvei  of  Figure  27-23  hive  been  drawn  for  the  usual  case  in  which 
equal  d-c  powers  are  applied  to  the  driver  and  Bltermltron.  If  this  restric¬ 
tion  is  removed,  the  above  conclusions  about  the  effect  of  insertion  loss  may 
no  longer  be  valid.  At  3000  Me,  the  insertion  loss  is  quite  reasonable,  about 
1  db  for  present  Bitermitron  tubes. 

27«4.3  Mode  of  Operation 

With  the  operating  voltages  and  currents  as  well  as  delay-line  lengths 
about  the  same  for  both  driver  and  Bitermitron,  the  power-boosting  action 
of  the  Bitermitron  takes  place  at  currents  appreciably  greater  than  its  okII- 
iation  starting  current.  For  this  reason,  it  Is  accurate  to  »y  that  the  filter- 
mitron,  in  this  application,  is  a  locked  oscillator  rather  than  an  amplifier.  The 
free-running  frequencies,  voltages,  power  outputs,  etc.,  of  the  Bitermitron 
are  essentially  those  of  Its  prototype  BWO. 

Locking  of  the  Bitermitron  free-running  frequency  to  that  of  the  drive 
frequency  will  occur  at  an  input  power  dependent  upc^n  the  separation  of  the 
frequencies  of  the  driver  and  the  free-running  Bitermitron.  When  the  rf 
drive  power  to  the  Bitermitron  is  Increased,  the  Bitermitron  power  output 
at  the  driver  frequency  Increases  until,  with  full  drive  power,  the  system 
power  output  may  be  3  to  4  times  that  of  either  tube  alone. 
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Since  either  tube  will  oscillate  by  Itself,  the  use  of  a  driver-Bltermltron 
power-booster  system  offers  some  assurance  of  continuity  of  operation  in  any 
critical  application.  The  power  outputs  obtainable  from  either  one  of  the 
tubes  would  be  one-third  to  one-flUh  the  normal  output  of  the  two-tube 
system. 

It  should  be  noted  that  the  above  diKussicn  implies  a  BWO  driver  and  a 
Bitermltron  of  similar  construction  except  for  those  changes  required  in  the 
Bitermitron.  In  this  case,  the  voltage-tuning  feature  is  preserved  since  it  has 
been  shown  experimentally  that  the  locking  range  or  usable  bandwidth  Is 
suflVcient  to  permit  use  of  a  common  anode  supply.  The  Bitermltron  power 
booster  Is,  however,  entirely  suited  for  enhancement  of  power  produced  by 
other  types  of  drivers,  such  u  a  magnetron.  The  magnetron  or  other  driver 
may  be  of  Axed  frequency,  or  may  have  a  mechanically  adjusted  tuning 
range  within  that  of  the  Bitermitron. 

27.^U4  Madlum-Power  9-Biind  SysUm 

lilt  early  development  of  the  S-band  Bitermitron  was  accomplished 
througli  modlAcation  of  a  basic  150-watt  crotied-Aeld  BWO,  the  QK4II1. 
This  oiclliator  has  since  undergone  production  reAnement  and  Is  now  desig¬ 
nated  the  QK625.  The  reAnement  work  brought  about  detailed  inprovements 
In  the  mechanical  design  of  the  QK481  and  permitted  an  increase  in  Its 
minimum  power  output  to  180  watts. 

Development  work  on  the  associated  Bitermltron,  the  QK540,  Has  kept 
pace  with  the  reAnement  program  resulting  in  the  QK62S.  The  combination 
of  the  QK625  driver  with  the  QK540  Bitermltron  forms  a  basic,  medium- 
power,  5-band  system.  The  tv;o  tubes  of  this  arrangement  are  similar  in 
iise,  shape,  weight,  and  electrical  characteristics.  Pictured  in  Figure  27-24  is 
the  QK625  BWO  coupled  to  drive  a  QK540  Bitermltron  power  booster. 

The  similarity  of  the  QK540  and  the  QK625  Is  emphasised  by  Figure 
27-26,  which  shows  the  power  output  and  efAclency  of  a  QK540  being  oper¬ 
ated  as  a  free-running  oscllUtor.  This  performance  approximates  that  which 
would  be  obtained  with  typical  QK62S  OWO’s.  When  the  QK540  Is  oper¬ 
ated  with  small  amounts  of  Injected  power,  the  characteristic  curves  can  be 
expected  to  appear  as  in  Figure  27*27.  The  locking  characteristics  and  3-db 
bandwidths  are  shown  for  two  values  of  injected  power;  and  it 's  apparent 
that  both  the  QK540  locked-osclllator  efficiency  and  its  bandwidth  become 
greater  with  increasing  drive  power  The  power-output  curves  here  are 
rensonably  symmetrical  about  the  power  maximum,  a  condition  that  does  not 
hold  true  for  higher  drive  powers. 

Figure  27-28  illlustrates  the  behavior  of  several  Bitermitron  characteris¬ 
tics  as  a  function  of  drive  power.  These  data  are  for  a  midband  frequency  of 


Fiovks  27-26  QK540  BlUrmltron  UMd  u  frte-run- 
nlng  oKillator  (with  sxtirnfl  attcniutor). 


Fioukx  27-27  Typical  inJecUon-locktd-OKilUtor  perform¬ 
ance  of  S-band  Bltermitron  (QK540). 
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Fiuusk  27-26  Bandwidth  and  gain  vtnus  drive  power  of 
S-band  Bltermitron  (QKS40). 
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2900  Me.  The  locklnx-renge  curve  hei  been  derived  (or  only  a  smell  range 
of  drive  perers  since  It  is  believed  that  most  users  will  be  interested  only  in 
the  1-db  or  3-db  bundwldths.  Experiment  shows  that  over  nearly  the  entire 
locking  range  outside  the  3-db  bandwidth  the  output  power  is  no  greater 
than  that  which  can  be  obtained  from  a  single  tube.  The  smallest  drive 
power  attempted  In  these  experiments,  about  10  watts,  yielded  a  peak  gain 
of  approximately  Id  db.  In  this  region  of  drive  power,  the  system  becomes 
dIfAcuIt  to  operate  unleu  the  driver  is  InKnsltive,  or  Is  made  insensitive,  to 
reflections.  Such  Insensitivity  is  necessary  because  an  appreciably  mismatched 
load  may  cause  the  reflected  posrer  to  be  greater  than  that  injKted. 

QK625  and  QKS40  tubes  can  be  ebtaired  separately  and  may  be  coupled 
to  form  a  two-tube  driver-Bitermltron  system.  However,  these  tube  types  are 
also  available  in  what  Is  called  a  "matched-pair"  system.  This  consists  of  a 
QKS40  Bltsrmltron  Individually  adjusted  to  track  with  a  particular  QK62S 
driver.  The  tracking  Is  secured  by  factory  adjustment  of  the  QKS40  magne¬ 
tic  field  strength  while  keeping  common  anode  and  sole  voltages  on  both 
driver  and  booster.  A  set  of  operating  characteristics  detailing  tlie  system 
performance  is  supplied  with  each  matched-pair  system.  Unrelated  driver 
and  booster  tubes  can  be  made  to  track  over  the  band  with  a  common  anode 
supply,  but  a  spread  of  sole  voltages  between  the  tubes  may  be  necessary. 
Work  ie  progressing  to  standardise  the  magnetic  field  strength  of  the  QK625 
and  the  QKS40  tu^s  In  order  to  eliminate  the  need  for  matched  pairs. 

Operating  characteristics  for  a  matched-pair  system  are  Illustrated  in 
Figure  27-29.  Considering  that  the  driver  power  may  have  been  about  225 
watts  at  the  low-frequency  end  of  the  band  and  Increased  to  [>erhaps  300 
watts  i‘t  the  high  end,  the  corresponding  booster  contribution  to  the  power 
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FioufiK  27*29  OpiTitlnB  chiirictcrlitlcfi  of  S  band  dHver-Bttermilron  iyittin  <QK62S/ 

QK540). 
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Fxovxk  3 7* jo  Frte-tunnlni  tnd  drivtr  •ndenclti  of  tn 
8-band  BltirmUron  (QKS40). 

output  varied  between  375  and  SCO  watU.  The  rated  minimum  output  power 
of  a  QK625/QK540  medium  power  S-band  ayatem  is  450  watts.  Figure  27-30 
shows  the  increase  in  effteiency  of  a  typical  QK540  Eltermitron  as  drive 
power  is  applied. 

Some  work  has  been  done  at  S-band  with  a  system  comprising  a  driver 
followed  by  two  Bitermitron  power  boosters.  However,  the  insertion  lou  of 
the  QK540  tubes  begins  to  reduce  the  over-all  system  efAciency  although 
this  loss  Ir  compensated  In  part  by  the  increases  of  efAciency  of  the  second 
power  booster.  It  seems  clear  that  the  second  Bitermitron  in  such  a  chain 
requires  different  design  considerations  to  make  the  most  effective  use  of  the 
large  drive  powers  available  at  Its  input. 

For  the  above  reasons,  as  well  as  for  reasons  of  system  complexity,  the 
use  of  three  tube  arrangement  h  does  not  appear  practical  at  present. 

27.4.5  Hlf  her-Power  and  Higher-Frequency  Bltermltrone 

Further  work  (Bureau  of  iihips  Contract  NObsr  72519)  on  the  Bitermitron 
has  resulted  In  a  higher-power  S-band  Bitermitron  system,  the  QK625/ 
QK6!8,and  an  X-band  Bitermitron  system,  the  QK634/QK605. 

Although  the  QK625/QK618  system  is  speclAed  to  produce  a  minimum  of 
1  kw,  generally  1200  to  1700  watts  Is  obtained  over  the  frequency  range  of 
2500  to  3300  Me.  In  this  system,  both  the  driver  and  the  Bltcrmitrcn  are 
programmed  In  beam  current  as  a  function  of  anode  voltage. 

Bitermitrons  at  the  4S0-watt  level  have  been  also  developed  at  X-b^nd  and 
at  other  S-band  frequency  ranges. 

27.4.6  The  Supeiregcneratlve  B&lermitron 

The  hlgh-power  features  of  the  Bitermitron  which  are  particularly  suited 
to  countermeasures  equipment  can  l>e  used  most  effectively  In  a  Jammer  If 
frequency  acquisition  of  the  victim  radar  can  be  simpliAed. 

With  the  Bitermitron,  hIgh-power  amplIAcation  of  microwave  signals  is 
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poiilble,  but  low-power  ampliflcetion  haa  been  tried  as  well.  It  If  not  poa- 
lible  to  lock  the  cKiliailon  of  the  Bitermitron  with  aiipah  having  a  power 
level  of  1  nrJ!hv;att  or  lesa.  However,  If  the  anode  current  la  kept  at  a  value 
lower  than  that  required  to  develop  backward-wave  oaclllatlon,  regenerailve 
voltage-tunable  ampllhcation  can  be  achieved.  Thia  regenerative  gain  follom 
fairly  cloaely  the  uiual  lawa  of  regenerative  ampliflera  In  that  gain  can  be 
exchanged  for  bandwidth,  and  vice  veraa. 

Since  regenerative  galna  are  not  particularly  uaeful  becauae  of  extreme 
operational  inatabllity  at  high  galna,  auperregenerative  tKhnIquea  were  tried. 

The  auperregenerative  amplifier  haa  a  galn-b&r.dwidth  product  which  ia 
much  greater  than  that  of  the  regenerative  amplifier.  When  each  operational 
phaae  of  auperregeneratlon  ia  conaldered,  the  reaaon  for  thIa  large  Improve¬ 
ment  becomea  more  evident. 

In  a  auperregenerative  amplifier,  aignat  energy  and  oaclllatory  energy  are 
fed  to  a  aingle  tuned  circuit.  The  Ideal  quenching  cycle  of  auch  an  amplifier 
coniiita  of  forcing  the  amplifier  into  a  quenched  atate  for  a  ihort  period  and 
then  placing  It  In  a  regenerative,  or  ^'aenaltlve*'  atate  for  a  much  longer 
period.  Following  thia,  the  amplifier  la  driven  Into  full  uaclliatlcn.  The  dura¬ 
tion  of  oscillation  buildup  la  governed  by  the  received  sltmel  amplitude  in 
the  tuned  circuit.  Then  the  complete  quench  cycle  is  reputed.  The  period 
of  this  cycle  should  be  much  leas  than  that  of  the  highert  modulation  fre¬ 
quency. 

The  bandwidth  of  the  amplifier  will  be  determined  by  the  rate  at  which 
the  quench  voltage  travels  In  and  out  of  regenerative  amplification  and  oscil¬ 
lation.  In  gerieral,  the  futer  the  rate,  the  wider  the  bandwidth,  because  for 
the  same  quench  waveform,  lesa  time  Is  spent  In  the  regeneiitlve  or  sensitive 
part  of  the  cycle  at  the  higher  quench  frequencies. 

In  an  experiment  on  the  Bitermltron  as  a  superregeneratlve  amplifier, 
quench  voltage  was  applied  to  ih«  ccntroi  grid,  The  signal  chosen  to  be 
amplified  was  a  I0-/Aaec  pulse  applied  at  a  l*kc  repetition  rate.  This  signal 
allowed  10  samples  per  pulse  to  be  taken  by  using  a  1-Mc  sine- wave  quench 
frequency.  The  usual  multiple  resonances  associated  with  superregeneratlve 
amplifiers  were  not  apparent  In  the  Bitermltron. 

The  rang?  In  anode  current  over  which  good  amplification  was  obtained 
was  quite  snmll;  consequently »  slight  variations  In  current  caused  large  varia¬ 
tions  In  gain.  The  use  of  the  superregeneratlve  Bitermltron  in  a  counler- 
meaiure  system,  where  band  sweeping  would  be  used  for  radar  frequency 
acquisition,  requires  the  receiver  to  have  constant  sensitivity  over  the  band. 
Such  constant  sensitivity  Is  not  obtained  when  the  Bitermltron  is  superre¬ 
generatlve  because  the  oscliiation  starting  current,  and  therefore  the  current 
for  equal  regenerative  gain  U  not  constant  over  the  band.  Therefore,  means 
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for  estibliihlng  an  effective  automatic  leniitivity  control  was  necessary  for 
good  frequency-acqubition  characteristics  as  :veli  as  for  reliable  measure¬ 
ments  of  gain,  b&ndwidthi  and  sensitivity.  Automatic  sensitivity  control  was 
obtained  by  amplifying  the  quench  signal  component  from  the  crystal  detec¬ 
tor  at  the  BItermItron  output  and  rectifying  it;  the  resultant  d-c  voltage  was 
fed  back  to  the  Dltermltron  grid  while  malnainhig  suitable  isolation  between 
the  d-c  voltage  and  the  quench  signal  voltage  on  the  grid.  The  BItermItron 
grid  has  a  tranKonductance  of  approximately  200  /ia/volt,  which  is  sufficient 
to  maintain  reasonably  constant  sensitivity  over  the  band  when  using  a 
maximum  rectlHed  quench  voltage  of  ICO  volts  d-c.  This  arrangement  is  also 
an  effective  automatic  gain  control. 

The  lignal-to-nolse  ratio  at  the  BItermItron  output  was  optimiaed  and  the 
quench  signal  compone«tt  was  removed  from  the  signal  by  amplifying  the 
nignal  ir.i  a  multistage  ampllAer  of  bandwidth  Z/T,  where  T  is  the  pulse  width 
of  the  signal.  The  amplifier  bandwidth  was  about  100  kc.  Experimental  re¬ 
sults  obtained  with  a  laboratory  model  of  a  receiver  built  according  to  these 
principles  are  given  below. 

Input-signal  powers  from  —35  dbm  near  the  low  end  of  the  band  (2600 
Me)  to  —51  dbm  at  the  high  end  (3300  Me)  were  measured  In  one  super- 
regenerative  BItermItron  for  an  output  signal  barely  dbcernable  in  noise  as 
viewed  on  an  osciliaKope.  Power  gains  of  this  tube  varied  from  50  db  to 
71  db  at  the  tow-  and  high-frequency  ends  of  the  band;  respectively.  These 
sensitivities  are  approximately  the  same  as  those  of  crystal  video  receivers 
currently  used  in  countermeasures  systems.  Some  Improvements  in  these  sen¬ 
sitivities  and  gains  could  be  realised  If  the  quench  waveform  were  tailored 
for  better  signal  to  noise  ratios. 

For  the  purposes  of  illustrating  the  use  of  this  unique  tube,  the  superrtgen- 
eratlve  BItermItron,  a  block  diagram  of  a  possible  countermeasures  systen) 
is  given  In  Figure  27-31.  Some  of  its  advantages  over  a  more  conventional 
system  are  the  elimination  of  many  extra  compomnts  needed  In  the  fre- 
quericy-acqulsition  portion  of  the  Jammer.  TheM  components  Include  the 
mixer,  the  i-f  strip,  the  loc'*'  oscillator,  and  their  power  supplies,  as  wsll  as 
the  mixer  and  discriminator  for  automatic  frequency  control.  Alignment  error 
of  the  transmitter  frequency  with  respect  to  the  received  frequency  It  ellmln- 
uted  because,  at  any  power  level,  the  Hitermitron  radiates  at  substantlaliv 
the  center  frequency  of  the  pA&sband  of  the  superregenerative  amplifier. 

Gi>erat{on  of  the  circuit  shown  In  Figure  27-31  proceeds  in  the  following 
manner. 

In  the  receive  condition,  the  quench  oscillator  signal  Is  applied  to  the 
Hitermitron  grid.  A  high  level  of  sensitivity  is  maintained  by  means  of  the 
automatic  sensitivity-control  circuits  while  the  tube  is  swept  over  the  band. 
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When  t  radar  signal  within  the  band  appears  at  the  receiver  antenna,  it  is 
amplified  by  the  Bitermitron  and  detected  by  the  crystal.  From  here,  the 
resulting  video  sigiuil  is  passed  through  a  video  amplifier,  whose  high-fre¬ 
quency  cut-off  Is  designed  for  optimum  ilgnal-to-swise  ratio  and  to  remove 
the  quench-signal  component  normally  present  at  the  crystal  output.  After 
amplification,  the  video  signal  is  rectified  and  filtered  to  develop  a  d-c  voltage 
bias  which  is  applied  to  the  grid  of  a  Phantastron  sweep  circuit. 

The  Phantastron,  with  no  bias  applied  to  its  grid,  normally  sweeps  the 
anods  supply  which,  in  turn,  sweeps  the  Bitermitron  over  Its  band.  As  the 
Bitermitron  is  swept,  its  bandpass  moves  to  include  the  frequency  of  the 
victim  radar,  and  the  negative  bias  on  the  Phantastron  grid  increases  with 
the  increasing  video  signal.  The  increasing  negative  bias  reduces  the  sweep 
rate  and  eventually  stops  the  sweep  when  the  radar  signal  frequency  is  on 
the  skirt  of  the  Bitermitron  selectivity  curve.  The  phase  relationships  are 
such  that,  if  the  Bitermitron  frequency  tries  to  increase,  the  resulting  de- 
cresse  In  video  signal  will  reduce  the  bias  on  the  Phantastron  grid  to  de¬ 
crease  the  frequency.  If  the  Bitermitron  frequency  tries  to  decrease,  the 
resulting  increase  In  video  signal  will  increase  the  bias  on  the  Phantastron 
grid  to  increase  the  frequency. 

Th<9  video  output  signal  is  abc  6  to  trigger  a  gate  generator,  but  is 
delayed  sufficiently  to  allow  the  au.oiti*.  c  Vcqjuency-control  action  to  take 
place  first.  The  gate  generator  increases  tne  accelerator  anode  voltage  of  the 
Bitermitron  until  sufficient  anode  current  Is  drawn  to  allow  the  tube  to  go 
into  full  power  oscillation.  Simultaneously,  the  gate  generator  turns  on  the 
noise-source  signal,  which  Is  amplified  and  applied  to  the  sole  electrode. 
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While  the  BtUrmkron  is  in  the  transmit  condUioni  no  rtceivod  tifnal  if  ava!!- 
able  to  maintain  the  tube  locked  on  the  victim  frequency.  Thsrcfcrt,  a  time- 
constant  circuit  is  required  to  maintain  the  PhantAstron  plate  voltage  at  the 
value  that  was  established  during  the  automatic  frequency-control  action. 
The  delay  of  the  gate  generator  trigger  Is  sufficient  to  allow  t^  tlme-constart 
circuit  to  charge  fully  to  the  correct  value  before  jamming  cycle  is  initiated: 
The  gate  generator  must  also  disable  the  automatic  seniltivity-control  cir¬ 
cuit  during  Jamming  so  that  the  crystal  output  will  not  cause  any  changes 
in  Bitermitron  grid  voltage  which  would  vary  the  jamming  power. 

After  a  Jamming  cycle,  the  duration  of  which  is  determined  by  the  zate- 
generator  pulse  duration,  the  Bitermitron  If  returned  to  the  receive  condi¬ 
tion,  and  sweeping  resumes  from  the  frequency  where  the  Jamming  had 
taken  place. 

27t5  The  Voltage  Tunable  Magnetron 


27.5.1  Daaerlptlon  of  Tubaa 

The  VTM  (voltage-tunable  mpgnftn>n  oedllaior)  consista  of  throe  buic 
components:  (1)  the  tube  subassembly  (an  example  Is  shown  in  Figure  27- 
12);  (2)  the  rf  circuit  or  cavity;  and  (5)  the  magnet.  These  three  com- 


n’i-tunsblf  msfnetron 
on«nti. 

ponents  are  aligned  anJ  locked  together  to  form  an  Integra!  assembly  with 
an  ri  output  connector  and  d-c  Input  leads.  Typical  components  and  as¬ 
sembly  are  shown  in  Figure  27-33.  Design  differences  made  In  any  of  the 
three  basic  components  permit  a  wide  variation  to  be  made  in  the  operating 
characteristics  such  as  frequency  range,  electronic  tuning  range,  power  out¬ 
put,  efficiency,  and  noise. 
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F:ouki  27-54  Voitage-tuiwblc  magnetron  tuning  chaiacUrlitlc  and  tub#  lubatMmbly 

cchsmatlc. 


A  Kh>$m«tic  of  A  VTM  tubo  aubtiiembly  ii  sncwn  in  Figure  27-346.  The 
anode  structure  illiutrated  ii  Interdigital  and  the  wave-beam  interaction 
takes  place  in  the  cylindrical  Interaction  space  formed  by  this  anode  and  a 
nonemitting  cathode  or  sole.  A  whirling  tubular  sheath  of  electrons  is  ob¬ 
tained  from  the  hot  cathode  and  controlled  and  Injected  into  the  interaction 
space  by  means  of  the  ii)jection  (or  control)  electr^e.  The  hot  cathode  illus¬ 
trated  is  made  of  thorSated  tungsten  and  it  is  protected  from  back  heating  effects 
by  the  Injection  electrode.  It  may  therefore  have  space-charge-llmlted  operation 
and  can  be  designed  for  very  long  life.  The  injection  electrode  collects  very 
little  electron  current  and  may  be  used  to  amplitude  modulate  or  pulse  the 
rf  power  output  as  well  as  to  control  the  injected  beam  current.  The  anode- 
sole  voltage  determines  the  frequency  of  oscillation;  and  the  voltage-fre¬ 
quency  relation,  as  Illustrated  in  Figure  27-34a,  is  proportional  and  linear. 

Two  wideband  VTM’s  which  make  use  of  standard  E-magnet  construction 
are  shown  in  Figure  27-35.  On  the  left  Is  the  GL-7398;  an  S-band  VTM  that 
produces  2  watts  minimum  power  from  2200  to  3850  Me.  On  the  right  Is  an 
L-band  VTM  that  produces  approximately  1  watt  minimum  from  1000  to 
2300  Me.  These  units  weigh  3J^  and  3  lb  respectively. 

The  tube  subassembly  itself  Is  quite  small;  a  penny  can  cover  It  in  any 
view.  It  is  constructed  of  ceramic  and  metal  parts  that  are  Joined  by  high- 
temperature  seals.  This  construction  results  in  an  assembly  that  Is  extremely 
rugged.  The  rf  circuit  or  cavity  in  which  the  tube  subassembly  is  mounted 
can  vary  considerably  in  form.  Its  function  Is  to  ptuvlde  for  the  electronic 
Interoction  an  impedance  that  will  produce  the  desired  characteristics  from 
the  assembly.  The  VTM  is  noteworthy  among  electronically  tunable  micro- 
wave  tubes  in  that  a  great  variety  of  electrical  performance  can  be  obtained 


Fiovn*  37-35  Voh(4|j(4^tun«bt«  m«fn«Uon  tubfi  for  wktobtnd  opcntloR  through  S  and 

L-Band. 


by  operating  the  ume  tube  lubauembly  with  external  circuit!  having  dif¬ 
ferent  Impedance  characterlitlca.  Thla  verutllity  will  be  demonitrated  later. 
The  VTM  has  been  packaged  with  various  types  of  magnets.  'I'h^se  include 


yi(a>SK  37-J6  Uow)*mxKnct 
vultAKO'tunHtlp  mHKnciron. 


27-J7  Internal  conitructlon  of  bowl-mairnet 
voltaKc-tunabIc  mavnetrun. 
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E-niAgnetSp  m  aire«dy  showgip  C-m«gnetS;  and  bowl-type  magnetic  A  package 
utilMng  bowl-magnet  construction  is  shown  (n  Figure  27-36.  The  neat,  com¬ 
pact,  inner  construction  is  shown  ’  *  Figure  27-37.  This  unit  weighs  1.3  lb 
&.iid  delivers  5  watts  of  power  ovei  250-Mc  band  In  the  S-band  frequency 
range.  This  unit,  like  others  in  development,  operates  without  external  cool¬ 
ing  and  is  capable  of  withstanding  severe  miulle  shock,  vibration,  high  alti¬ 
tude,  and  other  environmental  conditions. 

27.Si2  OpernUng  Chnracterlatlca 

Typical  performance  of  a  broad  S-bind  production  model  QL-7398  Is 
shown  in  Figure  27-38.  Typical  performance  lor  a  broad  L-band  VTM  is 
shown  in  Figure  27-39.  It  should  he  noted  that  the  tuning  characteristics  of 


Fiourk  27-JS  Powtr  out¬ 


put  snd  vultRSf-tuninR  KtnuRK  27-.19  Powtr  output  Flaunt  27-40  Hiah-powtr, 
characttrUtlci  for  wide-  and  vultsae  tuning  charseter-  high-tfnclency  narrow-band 
band  S-band  voitage-tun-  iitlct  for  wldtband  l.-band  operation  of  a  voltage  lonable 
able  magnetron  QL7.WH.  vultagc-tunaltle  magnetron.  magnetron. 

these  tubes  are  linear  and  that  the  frequency  is  in  direct  proportion  to  the 
applied  anode  voltage.  This  means  that  a  2:1  change  in  voltage  produces  a 
2:1  change  In  frequency.  The  ^'average*’  efficiency  over  the  band  for  both 
described  VTM's  is  approximately  25  percent.  Wideband  o|)eration  Is  ob¬ 
tained  by  using  a  circuit  that  has  an  extremely  low  Q  impedance  characteris¬ 
tic.  With  a  circuit  that  has  a  higher  Q  Impedance  characU^ristic,  higher  pov/ers 
can  be  obmined  over  smaller  electronic  tuning  ranges.  This  ^'narrow”  bund 
operation  may  be  obtained  with  a  center  frequency  anywhere  In  the  operating 
range  of  the  tube  suba.ssembllcs.  Typical  data  for  narrowband  operation  is 
shown  in  Figure  27*40.  Approximately  40  watts  minimum  Is  obtained  over  a 
10  ]}ercent  electronic  tuning  range  at  an  efficiency  in  excess  of  SO  |Krcent. 
A  1  subas.sembly  identical  in  appearance  with  the  GL-739S  tube  subas¬ 
sembly  is  used  for  this  narrowband,  high-puwer  oj>eratlon. 

In  addition  to  complete  VTM  coverage  on  the  L-  and  S-bund  ranges,  nar- 
rowhanil  VTM’s  having  lower  output  powers  have  been  made  for  o|)eralion 
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in  the  C-band  region.  The  present  frequency  limit  for  voltage-tunable  mag¬ 
netron  power  at  tl^  1-watt  level  ia  approximately  6000  Me.  Voltage-tunable- 
magnetron  power  at  the  milliwatt  level  In  the  X-  and  K-band  regions  may  be 
obtained  by  making  use  of  S-  or  L-band  tubes  in  conjunction  with  harmonic 
generators.  Sufficient  power  is  obtained  for  local  oscillator  applications,  and 
the  extremely  linear  voltage-frequency  characteristic  is  preserved.  A  num¬ 
ber  of  these  VTM  harmonic  generator  combinations  are  in  use. 

The  VTM  is  capable  of  extremely  rapid  frequency  modulation  since  the 
tube  subassembly  and  circuit  are  short  compared  to  the  wavelength  and 
since  the  velocity  of  all  portions  of  the  beam  may  be  changed  simultaneously. 
It  may  be  frequency  modulated  at  frequencies  approaching  its  oscillation 
frequency.  Other  practical  considerations,  in  addition  to  the  linear  tuning 
characteristic,  include  the  low  input  capacity  and  targe  modulation  sensitivity 
which  considerably  lessen  the  demand  on  the  modulator  that  must  be  used 
when  high  and  varying  frequency  rates  are  desired.  Relatively  small  voltages 
at  low  input  ire  needed  to  frequency  modulate  the  VTM. 

The  amplitude  of  the  output  signal  of  the  VTM  is  controlled  by  the  voltage 
on  the  control  electrode.  The  tube  may  be  pulsed  on  and  off  at  extremely 
high  rates  by  pulsing  this  voltage.  The  control  electrode  collects  essentially 
no  electron  current.  Present  data,  though  limited,  indicates  deflnite  ampli¬ 
tude-modulation  capabilities.  In  particular,  a  VTM  with  an  electronic  tuning 
range  of  10  percent  (I.e.,  a  narrowband  version)  has  been  varied  in  ampli¬ 
tude  over  a  power  range  of  better  than  15;  I ;  this  variation  was  essentially 
linear  with  the  control  electrode  voltage. 

27.S.8  AppllcaSloiis 

The  VTM  Is  wtii  suited  for  at  least  three  important  roles  in  the  counter¬ 
measures  Aeld.  These  are  (1)  local  oscillators;  (2)  drivers;  and  (3)  output 
tube.s.  As  local  ^isrlllators  for  swept  receivers,  the  linear  and  proportional 
tuning  characteristic  makes  possible  features  that  cannot  easily  be  obtained 
with  other  forms  of  voltage-tuned  tubes.  For  such  applications  one  tube  can 
suffice  for  coverrge  of  many  frequency  bands  by  making  use  of  harmonic 
generators  and  power  dividers.  Fhe  VTM  Is  relatively  free  of  spurious  signal 
outputs  Inasmuch  os  the  rf  structure  is  electrically  too  short  to  support  other 
transmission  modes  In  the  operating  frequency  bands.  There  is  also  sufficient 
data  on  noise  to  indicate  that  the  units  currently  available  are  satisfactory 
fur  Ifxal-uscillator  operation  without  further  special  design,  and  thc>  have 
already  been  used  successfully  in  such  applications. 

1'he  VTM  may  be  used  to  d»‘lvc  a  wideband  ampIlHer  for  either  spot  or 
ex[)an(^ablc  barrage  Jamming.  Hecausc  this  ty|>c  of  tube  has  the  rather  high 
power  output  of  I -2  watts  over  an  octave  frequency  range,  the  VTM  can  be 
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UMd  to  drive  a  traveling-wave-iube  power  amplifier  and  co^ntrol  hundreds  of 
kilowatts  of  power  over  a  2:1  frequency  band.  It  can  be  amplitude  or 
frequency  modulated,  or  both,  and  with  ti«e  advantages  of  easy  electronic 
tuning  at  low  power  a  high  degree  of  system  sophistication  becomes  prac¬ 
tical. 

Finally,  the  narrowband  version  of  the  VTM  can  produce  50  to  100  watti 
of  output  power  at  efficiencies  approaching  60  percent  ar.d  with  10  to  15 
percent  electronic  tuning.  It  is  well  adapted  for  direct  output  use  in  counter^ 
measures  systems  requiring  versatility,  ruggedness,  and  light  weight,  and  in 
particular  appears  especially  attractive  for  drone  and  missile  countermeasures 
systems. 

27.S»4  Future  CapublUtlea 

The  ci^pablllties  of  the  VTM  may  be  extended  In  a  variety  of  directions. 
First,  the  existing  broadband  S-  and  L-band  VTM's  can  be  supplemented  by 
similar  octavenuning  VTM’s  covering  the  entire  100-mc  to  6000-mc  region. 
In  addition,  a  different  type  of  tube  subassembly  should  permit  extension 
of  the  narrow-band  versions  of  10  to  15  percent  bandwidth  into  i^-band  at  a 
level  of  several  watts.  The  efficiency  for  tubes  of  this  bandwidth  may  be 
expected  to  advance  into  the  region  of  60  percent,  permitting  air-cooled  units 
of  100-watt  output  power.  At  the  lower  frequenciea,  larger  tuning  ranges  at 
even  higher  powers  may  be  expected.  The  VTM  noise  figure  Is  now  com¬ 
parable  with  that  of  any  other  electronically  tuned  device.  Further  reduction 
can  be  expected;  to  date  little  effort  has  been  expended  toward  this  end. 
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FerrimagnetiCf  Gaseous  Electronic, 
and  Ferroelectric  Devices 

H.  W.  WELCH,  Jr.,  A.  L.  ADEN 


This  CAJipter  tmU  lepantely  ferrimignetic,  gatevui  electronic,  and  ftr- 
roelfctric  ECM  devices  for  use  below  microwave  frequencies,  specifically 
below  1000  me,  and  at  microwave  frequencies.  For  completeness,  a  brief 
review  of  the  basic  theory  of  ferrites  is  given  in  connection  with  the  micro- 
wave  applications  since  the  microwave  properties  of  these  materials  are  not 
familiar  to  many  engineers.  Since  the  low-frequency  applications  are  based 
on  the  well-known  nonlinear  properties  of  ferromagnetic  material  and  the 
similar  nonlinearity  in  ferroelectric  materials,  treatment  of  the  basic  theory 
is  not  considered  necessary. 

I.  Appllcrniiom  of  Forrito  mnd  Forrooloelric  MaiorimU 
boloMf  JOOO  Mogmeychs 

28«1  Nonlinrari  Low-Losa,  and  Temf^eraturo  Characleristica  of  Fer¬ 
rite  and  Ferroeleetric  Ceramics 

The  basic  characteristics  which  make  ferrite  ceramics  useful  for  application 
In  electronic  countermeasures  equipment  are  the  following: 

(d)  The  nonlinear  relatlcnship  between  mAgnetIc  permeability  ft  and 
applied  magnetic  field  //  characteristic  of  ferromagnetic  materials. 

(B)  The  low  loss  of  these  materials,  compared  to  that  of  ferromagnetic 
metals,  which  makes  possible  their  application  at  higher  frequencies. 
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The  charficterlstica  of  both  ferrcmagiietic  and  ferroelectric  materiale  are 
subject  to  variation  with  temperature  which^  If  uncontrolled,  limits  their 
application.  The  hysteresis  e^ect,  described  below,  further  limits  application 
in  specinc  instances. 

These  general  characteristics  are  Illustrated  and  useful  parameters  are 
defined  in  Figures  28-1  through  28-6. 

A  typical  nonlinear  characteristic  showing  hysteresis  and  denning  incre¬ 
mental  permeability  and  dielectric  constant  Is  given  in  Figure  28-1.  Figure 
28-2  shows  the  typical  variation  of  fu  or  $a  with  biasing  f\eld  H  or  £.  In  the 
mks  practical  system,  the  units  of  the  various  quantities  shown  are  as  fol¬ 
lows: 


Bisilna  Add 

// 

•mperci/metir 

B 

voUs/mfter 

Flux  density 

B 

wcbcri/meter^ 

D 

coulombi/meter* 

Incrementil  permesbillty 
or  dielectric  cunstint 

/lA 

henries/meier 

<A 

faridi/meler 

Typically  /u  and  u  are  referred  to  as  relative  values  with  the  free-space 
values  as  a  reference.  Thus 


UA  relative  =  ~ 
Mo 


where  /i«  =  4ir'I0'^^  henrics/meter 


ca  relative  =  — 

«o 

where  lu  =  -A-  '  10^  **  farads/meler. 

Joir 

li  is  frequently  given  in  gauss  and  //  in  oersteds  where  1  gauss  =  10  * 
wchers/Kquurc  meter  and  1  oersted  s:  10V4^  am|)ere  turns/rnete**. 

Unfortunately  a  variety  of  subscripts  and  units  are  in  common  usage.  The 
reader  Is  warned  to  determine  which  is  being  used  when  referring  to  tabulated 
information,  data,  or  other  references. 

The  terms  /io  and  lo  are  frequently  used  to  refer  to  initial  values  as  A//  or 
A/'*  and  />*  or  D  go  lo  sero. 

The  losses  in  magnetic  and  dielectric  materials  are  accounted  for  by  giving 
ft  and  c  a  complex  value.  Thus 

fi*  =  /i'  —  ami  I*  =:  i'  —  jf" 

and  t/t*  arc  intrinsic  ()  of  the  material;  1/(1  Is  the  loss  tangent. 
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Fmum  21-1  DfAnltloiu  of  mtCMth  and 
(UatoctHc  pararofttri. 

iMfOl  iMiiOl 


Fiovax  2i-2  VarbUona  of  i«4  and  with 
blaiinf  ftatd. 


Ttmtt'tlwM  ■( 

Fiouac  2S-4  Rral  part  of  pcrmrahltlty  of 
farraml?  "0-2**  aft  a  function  of  icm|Kriture 
(imaginary  part  of  data  not  immedlatrly 
avallablt). 


Fiouaa  28-3  HcUtlv?  pcmwablllty  and 
relative  conitant  at  a  function  of  frequency 
for  magnctlum  manganeftc  ferrite. 


|k«( 


Fmu  nr.  28  d  Kclatlve  (llrlcclrlc  ciinMant 
I'j  ieminraturr,  typical  ferroelectric  ma 
terial. 


lie^wAwy.  liM« 

FKK’Rr.  ;H-S  Relative  dielectric  numtaiit 
IM  frequency,  typical  ferroelectric  nmteriul 
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Fiourk  2S-II  pUtt  o^  Mvyral  fcrrltci. 
CORK  TYPE  (Kxpfrimcntii  MaUrUI) 
Frrroxcub«  H-S  11  EDO  A<231-5 


3  ROQ  !) >150  1 


i2  KOC^  A-290-4 


3  KDO  I>*U3 


13  OC  Q 


4  KDO  C  no  i  14  KDO  K  lOl-1 

5  Krrro!i(cube  R-4  M  KDO  U-121-1 


6  Fcrroxculw  H*3 


16  OC  F-l46-r 


7  H*rruxcut>o  I)  2 


17  GC  N 
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Piot/RB  21-9  lurftce  for  Acrovcx 

40  (Pffc.  I,  Tech,  Hept.  SJ,  UPC, 
The  UniversUy  0/  Mkhii^n,  Ann  Arbor), 
£•••  s  0.005  kv-cm^^  (rmi)  at  t  kc.  Cy¬ 
cling  flcldt  1  poUrity.  Cycling  Add  rnte  sr 
too  kv*cm'*  -min'*.  DaU  plotted  only  for 
IC4-P  IncrfBftng. 


28-5 


PinuRK  28-10  ff-r-A  lurfaco  for  Centralab 
D-IJ  (Pfg.  a,  Tech,  Mfpl,  5.t,  HPC,  The 
Pnivenity  0/  Michtfisn,  Ann  Arbor),  Cen- 
tralab  batch  No.  M5t-S.*,  #151-9.^8, 
s  0.1  kv-cm  *  (rmR)  at  1  kc.  Cycling 
Add,  I  polarity.  Cycling  Aeld  rate.  70  kv- 
cm*  min  *,  Data  plotted  only  for  A.i-r 
inerraving. 


6 


Fiourk  28-11  Q-lf-F  lurfaco  {Rrprence  Seclion  S,  p,  841.  Prsceedinis  0/  fke  Wotioncl 

Jh.tfCtt'o>:n  a  Ctmffrt  on',  i0.S5,  t'o/.  Xt). 
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Typlctl  variation  ol  relative  fi*  and  c*  with  frequency  and  temperature  ie 
given  in  Figurca  28-3  through  28-6.  Temperature  coefficienta  of  leaa  than  1% 
relative  change  in  ft  or  <  per  degree  centigrade  have  been  obtained  in  com- 
mercialiy  available  materiala.  Thia  atill  makea  neceaaary  the  uie  of  oven  tem¬ 
perature  control  in  many  application!. 

Ferritea  are  ceramica  comp<»ed  of  three  or  more  oxidei  one  of  which  ia 
iron  in  a  apinel  cryatalline  itructure.  Ferroelectric  ceramica  are  uaually  titan- 
atea,  niobatea  or  airconatea  of  barium,  itrontium,  cadmium,  or  lead  with 
additive!  to  provide  particular  propertiea.  Literally  thouaan^  of  compoii- 
tiona  of  ferrite  and  ferroelectric  material!  are  poaaible  and  hundred!  exUt. 
Thia  makea  the  matter  of  aelectlcr.  for  particular  application!  difficult.  Fig- 
urea  28-7  through  28-11  give  data  on  typical  matei^lt  in  a  form  that  ia  a 
convenient  aid  to  the  aelection  proceaa.  Data  in  thia  form  ere  uaually  not 
available  from  the  manufacturer  its  the  completencH  ahown  hare  ao  it  ia  up 
to  the  UMr  to  make  additional  meaaurementa.  Figure  28-8  ahowa  a  qxtciai 
form  of  data  preaentation  that  la  uaeful  in  aelection  of  ferrite  material!. 
Similar  data  would  be  helpful  in  the  aelection  of  ferroelectric  materiala  but 
ia  not  readily  available. 

88.3  ClreultG  Ualng  Feirlte  and  Ferroeleetrle  Ceramlee 

28.2.1  Variation  in  Inductanee  and  Capadtaaec  With  Biaelng 
Field 

At  frcqui'nciea  below  1000  me  the  poaaibility  of  practical  application  of 
ferrite  and  ferroelectric  materials  mrat  pertinent  to  electronic  ccantermeaa- 
urea  la  made  e\’idcnt  by  examination  of  Figures  28-12  and  28-13.  i^igure 
28-12  shows  the  variation  in  impedance  of  a  ferrite-cored  inductance  with  a 


(.wii 


Fiuum:  2a-U  Impcdanca  In  ohtni  vj  bUi  Fiouit  la-U  CtpicUy  in  mkromlcrciir- 

current  (or  ferrite  core  toroid,  pirtlli'l  idt  vi  bleiini  voltige  (or  ferroelectric 

(ieldi  (Ffc.  •'I.  recA.  61,  KDC,  Th*  cipacitor  (Ffg,  10,  Tttk.  Ktpl.  61,  EDG, 

Unlvtnlly  of  Michigan,  Anit  Arbor).  Tkt  t/nlvmlly  oj  Michigan,  /nn  Arbor). 

d-c  biasing  current  in  the  winding.  Figure  28-13  ahowa  the  variation  In  capa¬ 
citance  of  a  ferroelectric  capacitor  with  applied  d-c  voltage  biu  (compare 
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to  Figurt  3S-3).  Thi«  variation  in  inductanca  or  capaclUnce,  lubjMt  to  the 
limiUUont  of  hyittrMii  ciTacti,  temptrature  tffacU,  and  variation  with 
fraquancy  daacribad  above,  can  be  utiliaad  in  electronic  tuning  of  oacillatora, 
mtxan,  and  rf  itagaa,  and  in  majinatic  or  dielactric  moidulatorf  for  ajM)lica- 
tion  in  a  variety  of  counternuiaauraa  aquipinant.  Exam|>lei  are  intercept  ra> 
caiven,  diraction  finders,  automatic  search  and  lock>on  equipment,  and  FM 
modulators  for  Jamming  equipment. 


18.2.2  Baaio  Ciroiilta  for  Elaetroiilc  Ttuilog 
Magnetic  tuning  is  accomplished  by  varying  the  d*c  nnagnetic  control  field 
in  a  magnetic  tuning  unit  (Figure  3S*14a).  This  is  donai  by  varying  the  cur- 

CtNMl 


*  «r  P*' 

c«|r«  I 


TIftMff  NIMHw 


<*;) 


Fmvm  ;S-i4  MtfiMtle  and  tUctrlc  tuntns  drtulU  (Fif.  S,  Tiick.  32,  BDG,  Tkt 
Vnivtriily  •/  HktUttn,  .trM  Arhtf),  (a)  masMUei  l(^)  titctrle. 


rent  in  a  control  winding,  and  electronic  means  most  b«  provided  to  furnlau 
the  required  variable  current  f.  To  obtain  sufficient  maKimum  magnetic  field 
at  a  reasonabla  control  current,  a  large  number  of  tunas  is  required  on  the 
control  winding.  This  generally  rseults  in  a  control  inductance  of  several 
henries.  If  £  is  the  Inductance  of  the  control  winding,  tho  electronic  means 
must  furnish  a  vc<tage  L4i/4l  to  produce  tho  doeirMi  rate  of  change  of 
currant. 

ElKtrlc  tuning  is  accomplished  by  varying  the  d-c  electric  field  in  the 
titanate  tuning  capacitors  (Figure  3S-I46).  Electronic  sneans  must  be  furn¬ 
ished  to  do  this  by  changing  the  voltage  s.  To  obtain  sufficient  maximum 
electric  field  at  a  reasonable  voltage  the  dielectric  in  the  tuning  capacitors 
is  made  thin.  If  C  is  the  effective  capacity  in  the  control  circuit  (generally 
4  times  the  rf  resonating  capacity),  th'  electronic  means  must  furnish  a 
rharging  current  of  C  4t/4t  to  produce  t  iesired  rate  of  change  of  electric 
field. 

With  relatively  low  Kanning  rates  ((.#,,  60  cycles)  there  is  no  serious 
problem  in  furnishing  the  electronic  means  (or  either  magnetic  or  electric 
tuning.  When  the  scanning  rate  Is  increased,  the  control  circuit  design  prob¬ 
lems  become  more  difficult.  For  high  Kanning  rates,  a  short  "flyback**  or 
return  time  (say  on  the  order  of  1  ^isk)  Is  desired.  This  presents  a  rather 
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•mra  problem  In  magiMtlc  tuning  u  illuttrated  by  the  foiiowtng  example: 

A  rapld-ecan  magnetic  tuning  unit  tunee  from  50  to  100>mc  -ignal  fm> 
qucncy  and  hae  the  following  propertice: 

Control  Inductance  ss  2,0  henriej 
Control  current  &=  50  ma  (max.) 

For  a  flyback  time  of  1.0  /dec,  the  flyback  voltage  l«  found  to  he 

I-y-  =  2.0  X  0.05  X  10*  =  100,000  volU 

Thii  lervee  to  llluitrate  the  leriousneee  of  the  problem  not  only  In  control 
circuit  deeign  but  alio  In  voltage  Iniulatlon  In  the  deeign  of  the  control  wind¬ 
ing  iteelf. 

In  order  to  Improve  the  situation,  we  flnt  note  that  the  magnetic  field  U 
proportional  to  the  number  uf  ampere  tumi  /VI,  The  Inductance  of  the  con¬ 
trol  winding  is  proportional  to  M*,  to  the  flyback  voltage  may  be  reduced  at 
the  expcnM  of  a  larger  control  current  f. 

Let  us  re-cxamlne  the  calcuIatlo:s  just  made  if  N  Is  reduced  by  a  factor  of 
10.  We  then  have  a  unit  which  has  the  following  control  constants  for  the 
same  maximum  NI: 


Control  inductance  m  0.02  henry 
Control  current  500  ma  (max.) 

For  a  flyback  time  of  1 .0  /dec,  the  flyback  voltage  is  found  to  be 

L-^  =  1.02  X  0.5  X  10*  =  10,000  volU 

Thus  an  improvement  li  achieved  in  flyback  voltafe,  but  at  a  price  of  in- 
created  control  current  maximum,  whl^  ImpoaH  a  difflcult  contrd  circuit 
deilgn  problem. 

There  It  another  terloui  effect  in  flyback  with  nfutgnetlc  tuning.  The  con* 
trol  Inductance  rHonatet  with  its  telf*capaclty  C  In  Figure  28*  14a  and  gen¬ 
erates  a  lerlous  flyback  tranilrnt  If  not  properly  damped.  Since  It  la  highly 
deairable  to  use  pentodes  for  the  control  circuit  becauae  of  their  constant  cur¬ 
rent  property,  an  additional  damping  circuit  is  generally  required  for  rapid 
flyback  to  suppress  the  flyback  transient. 

A  corresponding  example  of  rHpld*M:an  electric  tuning  is  a  unit  tuning 
from  50  to  A00*mc  signal  frequency  with  the  following  propertlea; 

Capacitance  In  control  circuit  200 

Control  voltage  swing  =  500  volU  (max.) 
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For  K  1 ,0  M«c  flybock  tiino,  Eybtck  current  is  found  to  be 

C-^  as  200  X  10-«  X  SOO  X  10*  =  0.1  wipere 

This  flybeck  current  nuiy  be  easily  obtained  from  a  conventional  vacuum 
tube,  so  the  design  problem  Is  reasonably  simple.  Even  faster  flyback  tinses 
are  poeslble  If  thyratrone  are  used. 

There  Is  also  no  problem  of  flyback  transients  with  electric  tuning.  It  is 
true  that  the  stray  circuit  inductance  might  tend  to  resonate  with  the  control 
circuit  capacity;  however,  this  is  easily  damped.  A  series  resistor  is  generally 
present  for  Isolation  purposes,  so  that  no  additional  dan^slag  Is  required. 

There  are  thus  a  number  of  deftnlte  advantages  In  electric  tuning  for 
rapid-scan  applications.  It  may  also  be  noted  that,  as  the  signal  frequency  is 
increased,  the  control  capacity  C  generally  decreases.  In  this  case  It  is  seen 
that  faster  flyback  times  are  possible  at  higher  signal  frequencies  without 
Increase  in  the  flyback  current  pulse.  This  is  not  the  ease  in  magnetic  tuning 
idiere  the  control  inductance  does  not  decrease  as  the  signal  frequency  is 
increased. 

38,2.8  Magniallo  Modulator  Clrenlt 

A  simple  balanced  magnetic  modulator  is  shown  in  Figure  28- IS.  It  con- 


PiouKK  28-IS  M«Knetic  modulator  (Fig,  Fioiiaa  28-16  Characlrrlitkj  UKd  in  mig- 

9,  Ttck.  R0pt,  37,  FDCt  Ik0  Univfrsity  of  natlc  modulator  daiign  (from  Fig,  10,  Toek. 

MUkigon,  Ann  Arbor),  Rtpi,  37,  BDC,  Tko  Vnivdrsiiy  of  Mich- 

tfON,  Ann  Arbor  ,  Tha  Mlowlni  lubitlCu- 
tioni  have  been  made:  N\U^  Nxh, 
Nx!  for  //b.  //u,  //a.//. 
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*l*«/ 3f  two  ilmlitr  ferrl  t  toroid  corei  («  tnd  i),  Tbm  art  wound  with 
6>’J7Atloa  winding*  la  auc  1*  conntcttd  In  itrlw.  Tb«M  winding*  art  ea- 
by  rf  and  d-c  currin;  geiwratori,  giving  a  combintd  currant  of  It  tin 
*•/■{-/<;  ampere*.  A  d-c  f^utent  l„  1«  fed  through  an  Uolatlng  inductor  L  to 
*//  *econd*ry  nindinp  2<i  and  2b  conntcted  in  •ariat  oppoaition.  Whan 
I  opcrly  balanced,  the  cn  tpjt  voltage  «« 1*  an  rf  carrier  having  lu  nu«nituda 
I  id  phaie  related,  reaper  tlvtly,  to  the  alH  and  polarity  of  the  aigntl  currant 

/>' I* 

I  The  operating  characterliUc  of  each  core  it  ihown  in  Figure  21-16.  Whar^ 

/  7,  a:  0  both  core*  operate  at  point  P  by  virtue  of  the  d-c  currant  /•;  and. 
there  eg  1*  equal  to  aero  Wben  a  poaltiva  lignal  currant  flowa,  core  •  oprr-  ., 
Bti*  at  point  a  while  co  a  b  operataa  at  point  b.  Under  Uiaaa  conditions,  aa- 
luming  a  sinusoidal  varlttlot<  of  (lux  density  In  the  two  corse  it  to  ^4,  a 
linear  portion  of  the  cun  e)  tlis  peak  output  voltage  is  given  by 

\  Sg  =  »)(m»  ■“»*•)  fVl  fV*  /l  C 

wiNere  G  is  a  (actor  depending  on  the  geonwtry  of  the  coree  For  a  linear 
re  (;ion  of  the  curve,  / 


^»s=  2 


■  AT, 

2w^  Ni*Ii  G 


SO  that  transfer  impedance  is  given  by 

\  *  _  „  ^>^1*  Mm*  \ 

Note  thV  traniler  Impiidance  is  independent  of  the  geometry  but  r. 
function  of  |&i  and  the  ,itg.  chare  :t.es-istic. 

28.2.4  T^we-Reluxailon  iPkanomana 

Tlme-relaxaWS‘  effrets  are  exhibited  by  both  ferrites  and  titanate  ceramics. 
In  the  case  of  i  a  time  decrease  of  pesmsablllty  is  observed  after  a 
ferrite  core  it  sul^'ect  to  a  degawsing  treatment.  When  used  as  a  tuning  cle¬ 
ment  in  a  low-powW  t  iciHator,  this  effect  can  cause  up  to  J.S  percent  increase 
in  frequency  In  F7erri'.tnlc  G  ovi.!r  a  period  cf  several  hours.  This  '‘(feet  was 
reported  a*  earl^as  947,  and  <a  variable  from  one  material  to  rmother.  In 
general,  thone/materitila  showing  a  largo  change  in  m*  with  applied  H,  have 
also  a  reiaU^ly  large  relaxation  liffect. 

A  relaxatlo:i  effect  is  noted  in  titanate  ceramics,  although  this  doea 

not  c^^espond  exactly  to  the  efieci  just  deicribed.  If  an  electric  fteld  is  ap¬ 
plied  to  a  specimen  nt  titanate  ceramic  for  a  period  of  several  minutes  and 
t^n  suddenly  remo/ed,  the  diolsciric  constant  Increases  with  time,  first 
r  abruptly  and  then  st  iwly.  When  such  a  ceramic  Is  used  e s  a  tuning  element 
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in  >  Iow-pow«r  ORcUittor,  th«  fnquMicy  dropi  Abnq;)tly  at  the  time  the  fteld 
li  removed.  ThU  b  followed  by  •  relatively  ilow  decrease  in  frequency.  The 
frequency  drift  eubitantialiy  cuuwi  after  a  period  of  5  to  30  minutes,  de- 
pen^ng  on  the  material.  In  this  respect  the  effect  is  shorter  lived  than  the 
corresponding  nugnetic  relaxation.  In  general,  the  longer  period  b  associated 
with  materials  which  show  a  large  change  in  f*  with  applied  electric  field. 

The  consequences  of  these  effects  in  swept  receiver  applications  are  given 
below. 

ffJI.4.1  Kedsietloii  o/ Tsiiifiif  Itanf e.  When  swept  ni  60  cycles  or 
faster,  the  tuning  range  will  be  smaller  by  sevwal  perMut  than  it  b  with 
nMnnuid,  arbitrarily  slow  tuning. 

10Ji4J  Fr^qumey  drift.  If  the  amplitude  of  frequency  sweep  is  re* 
duced,  or  stopped  altogether,  there  will  be  a  slow  frequency  drift.  IIm  drift 
will  probably  be  small  in  b^h  magnetic  and  slectdc  tuning,  but  b  shorter 
lived  in  the  case  of  electric  tuning. 

I0J.4.J  Sseeep  Wm*fprm,  If  a  sawtooth  sweep  b  employed,  it  b 
more  satisfactory  for  electric  tuning  to  use  a  Jump-rise,  slow-decay  wave  than 
a  Jump-drop,  ilow-rlse  waveform.  The  reaKm  for  this  k  that  the  ferroelectric 
ceramic  responds  more  quickly  to  a  Jump-rim  step-function  of  voltage  than 
to  a  Jump-drop  step-function.  A  consequence  of  thb  b  that  the  ferroelectric- 
tuned  unit  b  best  used  to  sweep  downward  in  frequency,  starting  at  the 
hlghMt  frequency  and  sweeping  to  the  lowest. 

In  magnetic  tuning,  the  frequency  may  be  swept  in  either  directlcn,  but 
there  is  some  slight  preference  for  sweeping  upward  in  frequency  because  of 
circuit  considerations.  Thb  mode  of  sweeping  requires  a  slow  rim  end  abrupt 
drop  in  control  current.  Because  the  control  tube  may  bo  rapidly  cut  off, 
permitting  a  high  inductive  kick  from  the  control  winding,  the  flyback  time 
may  be  made  somewhat  shorter  than  In  the  other  mode. 

StS.S  Geometry  oi  Tuning  Elements 

Several  configurations  have  been  utilised  for  magnetic  tuning  elements. 
The  simplest  Is  a  toroid  with  a  bias  or  control  winding  and  a  signal  winding. 
This  Is  In  general  unutisfactory  becaisse  of  coupling  between  the  two  wind¬ 
ings. 

The  slotted  core  configuration  is  shown  in  Figure  28-17.  A  typical  tuning 
characteristic  for  an  OKillator  circuit  using  this  construction  is  shown  in 
Figure  28-18. 

Another  structure  that  has  given  satisfactory  performance  is  the  resonant 
coaxial  line  shown  In  Figure  28-19.  Structure  of  the  tuning  unit  is  shown  in 
Figure  28-19<i  and  Installation  in  the  yoke  in  Figure  28-196.  Typical  data 
fur  an  oKillatur  using  this  form  of  tuning  unit  is  given  in  Table  28-1  (page 
28-,t9).  Data  for  various  values  of  tank  circuit  capacitance  are  given. 

A  curve  showing  hysteresis  for  this  unit  Is  given  in  Figure  28-20. 
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FsovM  IS  II  Typkftl  tun^  ckiracisrli- 
tkft  for  an  oKillator  circuit.  Typical  slotttd 
unit  ihowi  eurvac  for  Nvtral  lolKttd  corti 
of  foncral  oiramlc  and  body.  IllotUd  with 
fcntral  ceramic  0  body  frt^utiicy  va.  con^ 
trol.  Current  from  demaaiMtlicd  point 
unlu  anada  from  praMlacIttl  cora# 


fidvnc  ti-iT  'lyplctl  iloiud  €An' 
lion  drlvan  by  i  yokt  f 


rtujjfot  11^  to 


FiQtfaa  11-113  Tunim  cuivi  for  rHomnl 
line  uhLe  ilmwlni  hyattre*!*. 
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Fmvrb  28-32  Ftrrofltctrlc  oKlllator  lun- 
ins  curvt  (F^|.  Tick,  Kip$,  31,  EDCt 
Thi  Vniviftity  of  Michigon,  Ann  Arbor), 
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Fiqurb  38-23  Tvmpcriturc  effKt  on  f«r- 
rofltcirlc  Unln*  (F^|.  8,  Trek,  Rip^.  31, 
SDC,  Tkt  VnivmHy  of  MkkigOHt  Ann 
Arh^ir).  C  vs  time.  Aftln*  tflfr  hwii’ni  to 
100*C  and  qu«nchlnR  ai  33  *C,  Atrovox 
“Hl-Q”  body  No.  41. 


Fiouai  28*24  HIgh.powcr  oicillator  clr-  Fiouaa  28-33  Power  oKlIUtor  tuning 

cult,  {f^roeerdinis  of  tkr  Notional  Hire-  characlerlitki  {Troettdings  of  tki  Noth  not 

Ironies  Confirtneef  1933,  p,  846).  Voltave-  Elictronict  Conftrtna^  1933,  p,  847). 

tunable  power  oiclItatorK. 


The  structure  of  low-  and  hlgh-power  (stack)  ferroelectric  capacitor  tuning 
uniti  is  shown  in  Figure  28-21.  These  capaciton  must  be  suitably  encap¬ 
sulated  to  keep  out  moisture. 

A  typical  oscillator  tuning  curve  Is  shown  In  Figure  28-22.  The  hystereiis 
effect  is  evident,  The  effect  of  temperature  on  tuning  is  shown  in  Figure 
28-23. 

In  Figure  28-24  a  hlgh-power  oscillator  circuit  is  shown.  In  this  caM  the 
capacitor  was  built  In  a  stack  with  radiating  ftns  between  elements.  The 
effect  of  self-heuJng  of  the  capacitor  is  indicated  in  Figure  28-25.  At  high 
power  levels  the  tuning  is  almost  eliminated  because  of  change  in  ceramic 
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characterUtici  with  Umparatur*.  Thi*  oidlittor  wu  opcratlui  at  about  )• 
watt  ievtl  for  the  high  power  level  and  at  about  100  milllwatU  for  the  low 
power  level. 

28<4  Eloetronleally  Tuned  InteroepI  Rocelvert 

With  the  bailc  tuning  elementi  Juit  described  It  li  poselble  to  conatruct 
scanning  receivers  with  a  variety  of  characteristics.  Details  of  the  design 
problenu  will  not  be  covered  here.  It  Is  evident  from  what  has  been  diKussed 
that  further  research  Is  Indicated  to  minimise  problems  In  the  following  areas: 

(1.)  Temperature  (through  Miectlon  of  materials,  thermostatic  oven  con¬ 
trol,  or  use  of  afc). 

(2.)  Hysteresis  effects  and  flyback  transients  (through  design  of  suitable 
sweep  circuits). 

(3.)  Tracking  problems  In  superheterodyne  receivers  (through  material 
KiMtIon  and  circuit  design). 

(4.)  Control  power,  voltages,  and  currents. 

(5.)  Time-decay  (through  crystal  control  or  other  stabilising  circuits). 

Advantages  of  electronic  tuning  are  In  the  possibility  c  Increased  scanning 
rates,  reduction  of  weight,  sise,  and  cost,  and  elimination  of  other  disadvan¬ 
tages  of  mechanically  tuned  receivers. 

Receivers  have  bMn  constructed  for  um  in  the  frequency  range  from  50 
kc  to  somewhat  leu  than  500  me.  The  number  of  tuning  beads  vnrlu  with 
the  spKiftc  dulgn.  It  is  possible  to  cover  the  range  50  me  to  500  me  with  4 
or  5  heads.  Below  this  frequency  about  2  or  5  huds  for  each  decade  of 
frequency  la  required. 

Expected  Improvements  in  materials  should  make  the  application  of  these 
materials  more  widely  accepted  and  used. 

If.  Mieroumvt  Appllemtion§  of  Farrtmmgnotie  MatortoU 

One  of  the  significant  recent  advancu  In  microwave  technology  has  been 
the  achievement  of  nonreciprocal  and  electrically  controllable  circuit  ele¬ 
ments  through  UM  of  the  properties  of  special  materials.  One  area  of  appli¬ 
cation  utlllus  the  propertin  of  ferrltu  and  ferrimagnetic  garnets  under  the 
influence  of  static  nagneilc  fle'ds.  Theu  media  derive  their  tucful  microwave 
properties  primarily  from  interactions  between  electrons  In  the  media  and 
incident  microwave  signals.  These  Interactions  are  strongest  when  the  fre¬ 
quency  of  the  microwave  signal  coincides  with  the  natural  resonant  frequency 
of  the  electrons,  which  In  turn  is  directly  proportional  to  the  effective  applied 
magnetic  field.  The  fact  that  a  grou  material  property  surh  as  permeability 
can  be  controlled  by  means  of  an  applied  magnetic  field,  and  that  It  can  be 
UMd  to  give  both  reciprocal  and  nonrsciprocal  microwave  effects,  makes  these 
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matertiU  of  ipecitl  Intcreit  for  microwivt  ipplkationi. 

The  foilowinf  leciioiu  revkw  nnM  of  tlM  fundiunenUl  duruUrlitlci  of 
fcrrinuinetic  nuteriali  and  dcKribc  tha  utUlution  of  Umm  charactcriittci 
for  devict  applicationi,  with  particular  tmphasla  to  ■omc  of  tha  q;>aclai  prob¬ 
lems  of  countarmaasuraa. 

S8.5  Fundanaiital  CharaetarlalJew  of  Magnalle  Forrltaa 

28.Sfl  Strueltiro 

Farritas  ara  nonmatallic  magnetic  nutarlals  They  are  mads  of  a  hard 
ceramic  with  a  crystaliina  structure  similar  to  tlr^*  of  tha  mineral  spinal, 
'\fgAl1O4.  Most  ferrites  can  be  expraasad  by  the  k  '>*••  ch«cl»l  formula 
XFai04,  where  X  is  a  bivalent  metallic  ion.  The  oxygu  ''ws  Vava  radii  of 
1.4  A,  which  is  roughly  twice  that  of  tha  X'H-  tnd  Fa^-i^  ion*.  Most  accept¬ 
able  metal  ions  have  radii  of  0.6  to  1.0  A.  Commonly  used  metal  ions  ara 
those  of  magnesium,  manganMe,  and  nickel. 

In  a  ferrite,  the  large  oxygen  ions  form  a  face-centered  cubic  structure  of 
spheres.  Iha  small  metal  ions  are  located  in  the  resultant  intersticse.  If  the 
oxygen  geometry  is  examined,  it  la  found  that  two  kinds  of  interstices  exist. 
One  interstice  is  surrounded  by  4  oxygen  ions  and  la  called  a  tetrahedral  site. 
The  other  interstice  is  surrounded  6  oxygen  atoms  and  is  called  an  octa¬ 
hedral  site.  A  unit  ferrite  crystal  cell  consists  of  a  lattice  of  32  oxygen  ions 
containing  06  interstices.  Of  those,  64  are  tetrahedral  sites  and  32  are  octa¬ 
hedral  sites.  The  24  metal  ions  in  a  unit  ceil  of  the  spinel  structure  ara  dis¬ 
tributed  with  the  16  trivalent  ions  in  octahedral  sites,  while  the  I  divalent 
ions  are  found  In  tetrahedral  sites.  There  is  a  second  common  ferrite  struc¬ 
ture  In  which  the  8  divalent  metal  ions  replace  8  0!  the  iron  ions  in  the  octa¬ 
hedral  sites.  The  S  displaced  trivalent  iron  ions  then  occupy  tetrahedral  sites. 
This  distribution  Is  called  the  Inverse  spinel  structure. 

The  ferrimagnetic  garnets  are  formed  from  oxides  of  rare  earth  metals  like 
yttrium  and  gadolinium.  The  chemical  composition  is  3Y|Of*3FeiiOi.  These 
materials  have  properties  very  much  like  the  ferrites  and,  because  of  nar¬ 
rower  Intrinsic  line  width,  are  superior  for  some  applications. 

28.5>2  Magnetic  Properties 

Fundamentally,  the  magnetic  properties  of  every  material  is  determined 
by  the  behavior  of  the  electrons  It  contains,  since  the  nuclear  contribution  is 
negligibly  small  in  comparison.  The  magnetic  effects  ate  due  primarily  to  the 
spins  of  the  electrons  and  to  a  much  smaller  degree  to  their  motions  In  atomic 
orbits.  In  ail  atoms  the  electron  spins  tend  to  pair  off  agairist  each  other  so 
that  the  net  magnetic  moment  of  the  atom  is  reduced  to  that  of  a  few  of  its 
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eluctroni,  and  in  many  ctonif  tha  qpina  an  all  palrad  agaiaat  oppoalnf  aplna 
10  that  tha  atom  haa  no  ntt  magna^  moment  dtM  to  aplnoinf  alectroni.  Tite 
latter  are  tha  atoma  which  an  diamafnatic,  having  only  tha  mafoatlc  elfecta 
due  to  orbital  motiona.  Ferromagnatic  materials  an  composed  of  atoms  hav* 
ing  permanent  magnetic  moments  due  primarily  to  unneutrtUaed  electron 
spins.  In  addition,  very  iarge  internal  forces  causa  neighboring  dipoles  to  line 
up  parallel  to  one  another,  a  condition  of  self-saturation. 

The  domain  theory  of  magr  -  ‘  m  of  a  ferromagnetic  material  assumaa 
that  the  material  is  composed  o.  ny  small  r^Iona  or  domains,  each  mag¬ 
netised  (0  utuntion  in  some  direction.  In  tha  absence  of  an  applM  magnetic 
Held,  the  dirKtions  of  saturation  of  the  domains  are  in  generd  distributed  in 
a  way  such  that  tha  resultant  magnetisaUen  of  the  sp^men  as  a  wIk^  is 
aero. 

In  ths  usual  ferromagnetic  donudn  the  magnetic  moments  are  all  in  paral¬ 
lel  alignment.  In  tha  ferrite,  however,  ions  in  the  octahedral  site  have  mag¬ 
netic  moments  that  are  usually  aligned  antiparallel  to  those  in  the  tetrahedral 
sites.  In  general,  the  intensity  of  magnetisation  wili  be  different  for  the  two 
sites  and  the  total  magnetisation  is  a  combination  of  these  two  sItH.  This 
principle,  which  Is  called  (errimagnetlim.  Is  Illustrated  in  Figure  28-26.  This 


Fiourk  21-26  TcmperaluN  dr-  Kiourk  26-27  MainttlMtlon  pror«ftAef.  (a)  Unmag- 
|)rndrnce  of  Mturatlon  miKnetl-  nctlird;  (6)  migntUifd  by  domain  growth  or  boun- 
lAtlun  for  Rome  frrrlmignotlc  dary  dUptaerment ;  (c)  magnatiied  by  domain 

malrriali.  (a)  Contribution  of  rotation. 

A -alto  iomi;  (6)  contribution  of 
Il-tiito  ionii;  if)  rriultant  mttg* 
nrti/alton. 

magnetlxAllon  curve  but  one  of  eight  that  hu  been  predicted  from  thli  type 
of  model.  The  temperature  at  which  the  magnetism  goei  to  aero  U  called  the 
Curie  temperature. 

The  magnetic  moment  of  any  one  domain  ii  ipecifted  by  the  magnitude  and 
direction  of  its  nugnetlaatlon  and  by  Ua  volume.  When  a  Held  ii  applledi  the 
moment  of  a  domain,  and  therefore  the  magnetization  of  the  ferrimagnetic 
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matcrlil  of  which  it  U  a  part,  it  ordinarily  changtd  by  (a)  the  growth  of 
domalna  oriented  favorably  with  reipect  to  the  held  direction  at  the  expenee 
of  donuUns  lees  favorably  oriented  (domain  wall  dUplacement),  or  (8)  a 
change  in  the  magnetixation  direction  of  the  domain  by  rotation  toward  the 
applied  field  direction  (domain  rotation),  Theae  conditions  are  illustrated  in 
Figure  28-27. 

28t5t8  Loeee#  la  Forrltee 

Ferrites  absorb  energy  from  an  electromagnetic  radiation  field  by  interact¬ 
ing  with  both  the  electric  and  the  magnetic  fields.  The  lostes  due  to  interac¬ 
tion  with  the  electric  field  are  generally  known  as  dielectric  losses,  while  those 
reriuiting  from  Interaction  with  the  magnetic  field  are  called  magnetic  losses. 
Beth  the  dielectric  and  the  magnetic  losses  can  be  accentuated  by  dimen- 
sioL^l  resonances  which  are  common  at  microwave  frequencies  b^use  of 
the  huge  effective  dielectric  constant  of  the  material. 

In  many  ferrites  the  dielectric  Iom  tangent,  or  the  ratio  of  the  bnaginary 
to  the  real  component  of  a  complex  dielectric  constant,  is  small.  However, 
this  is  not  always  the  case,  and  a  low  d  c  conductivity  is  not  a  suMcient  cri¬ 
terion  to  impose  for  low  microwave  dielectric  losses.  Some  ferrites  appear  to 
contain  highly  conducting  regions  isolated  by  an  insulating  nuitrix  and  ex¬ 
hibit  high  microwave  dielectric  losses.  Conductivity  measured  at  audio  fre¬ 
quencies  will  show  a  strong  frequency  dependence  if  the  nuiterial  is  of  this 
type.  The  conducting  islands  act  as  plates  of  a  condenser  separated  by  the 
grrJn  dimensions.  Although  the  d<  conductivity  within  a  grain  may  be  high, 
the  measured  values  across  grain  boundaries  will  often  be  low. 

Magnetic  losses  in  ferrites  with  ^  applied  static  magnetising  field  gener¬ 
ally  occur  in  two  regions.  On*;  ('  .  in  the  rf  range  under  500  me  and  is 
due  to  domain  wall  displaceniint  the  other  occurs  In  the  microwave  range 
and  is  due  to  domain  rotations.  Both  of  these  phenomena  generally  occur 
over  a  wide  frequency  range  and  thus  constitute  large  regions  of  high  mag¬ 
netic  loss.  The  losses  due  to  domain  rotations  constitute  the  major  micro- 
wave  loss  present  when  Uierc  is  no  applied  static  magnetic  field,  or  when  the 
applied  magnetic  Held  is  small.  They  can  be  explained  in  terms  of  a  ferro¬ 
magnetic  resonance  with  the  effective  internal  field  in  the  ferrlti),  which 
exists  even  in  the  absence  of  an  applied  field.  The  upper  frequency  at  which 
this  resonance  occurs  can  be  reduced  by  lowering  the  saturation  moment  of 
the  material. 

Almost  all  microwave  applications  of  ferrites  are  based  on  either  the  lou 
or  dispersive  properties  due  to  ferrimagnetic  resonance  under  the  influence 
of  an  applied  static  magnetic  held.  Accordingly,  this  phenomenon  is  worthy 
of  special  discussion. 
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28.S.4  Ferrlmacncdc  RaMmaoM 

When  a  fcrriu  U  mafnetised,  the  mifnctlc  moments  of  the  alcctrou  pre- 
ceea  about  the  elective  stationary  internal  magnetic  field.  If  a  rotating  rf 
magnetic  field  is  applied  in  the  opposite  direction  c!  rctatica  to  that  of  the 
precession,  there  is  little  interaction  between  the  field  and  the  electrons.  How¬ 
ever,  a  field  which  is  rotating  in  the  same  direction  u  the  electrons  has  a 
stronger  coupling  because  the  field  vector  and  the  sj^  vector  are  parallel 
for  a  longer  period  durfmg  each  revolution.  As  the  frequency  of  the  field 
rotation  approaches  that  of  the  elKtron  praceaalon,  the  two  vectors  remain 
parallel,  and  the  electron  la  able  to  absorb  energy  continuously  from  the  field. 
This  is  the  condition  fcrrimagnetic  r^tmance. 

A  simple  mechanical  analog  to  the  precesidng  electrons  req>oaalble  for 
ferrimagnetic  resonance  is  shown  in  Figure  28-38.  The  spinning  t^  precaeeea 


PiovRK  to  fen  aWftron  prtctitlni  in  a  magiwlic  Aiki. 

about  th«  earth'i  gravitational  fteld.  If  a  thin  airing  ii  attached  to  a  point  on 
the  axis  of  the  top,  energy  can  readily  be  tranamitted  to  the  top  by  rotating 
the  other  end  of  the  atring  in  a  amaii  circle  whoae  center  followa  the  projec¬ 
tion  of  the  preceaaion  path  of  the  top.  If  the  end  of  the  atring  ia  circled  In 
the  aame  direction  aa  the  top  la  preccaiing,  a  maximum  amount  of  energy  ia 
trani^mltted  to  the  top  when  theae  two  angular  frequencioa  are  the  ume. 
Under  theae  conditions  the  system  is  in  resonance.  If  the  end  of  the  string 
ia  rotated  in  the  opposite  dlrectioni  very  little  energy  ia  tranamiitid  to  the 
tOf). 

In  the  model  described,  the  top  ia  analogous  to  an  electron  of  a  ferrimag¬ 
netic  medium  :ind  the  earth's  held  to  the  magnetic  held  required  for  precea¬ 
aion.  The  driving  force  at  the  end  of  the  string  U  analogous  to  a  force  on  an 
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•lectroR  wiling  from  inUrtctlon  with  the  routing  nwgsetic  field  of  t  cir¬ 
cularly  poUrlxed  rf  wave.  Thi  frequency  at  which  the  cicctroni  prtcew  about 
a  fUtionary  magnetic  field  ti  directly  proportional  to  the  magnitude  of  that 
field.  To  obeerve  reeonance  one  hai  the  choice  of  varying  either  the  operating 
frequency  or  an  applied  field  until  the  operating  frequency  equali  the  prc- 
cesiion  frequency  of  the  electroni. 


28.5.5  PeraMabtUty  Tcneor 

When  a  microwave  magnetic  field  U  preaent  in  a  ferriu  that  h.*!!  a  eUtic 
magnetic  field  applied  to  it  and  the  microwave  field  is  in  any  direction  other 
than  along  the  lUtic  field,  then  the  electrons  preceasing  about  the  ctetic 
magnetic-field  direction  will  interact  with  the  microwave  field.  Ticy  couple 
energy  oiit  uf  the  microwave  field  and  deliver  it  back,  but  part  of  it  is  90* 
out  of  time  and  spies  phase  with  the  driving  microwa\'C  fisid.  Thus,  the  rela- 
tlcnahip  between  the  ruignetliatton  and  t^  'nducing  microwave  magnetic 
field  Is  not  the  usual  scalar  type  of  relation  but  rather  a  tensor  type,  'rhis 
ir.«usi  that  the  magnetiaation  in  a  given  direction  d^nds  not  only  on  the 
inducing  field  in  that  direction  but  upon  the  field  in  other  directions  as  well. 

The  motion  of  the  macnetisation  for  the  loeslees  case  is  given  by  the  torque 
equation 

^=y(MXH)  (2M) 

whar€  H  =  //o  +  A  =  Internal  magnetic  Held 
U  =  +  fti  ^  magnetiiition  of  medium 

^  static  magnetic  fleld  In  $  direction 
A  =:  a-€  magnetic  field 
J/i  =  saturation  magnetization  in  direction 
m  =:  a-c  magnetization  of  medium 
Y  =  gyromagnetic  ratio  of  the  electron 

r=  —2.8  mc/oersted  or  — 2w  (2.8)  megaradlans/oersted 

The  mathemci‘cs  is  simplified  if  a  coordinate  axis  is  chosen  along  the  direction 
uf  the  static*  &gnetic  fleld  ffo*  /fo  is  assumed  to  be  large  ersough  to  mag* 
netically  saturate  the  ferrite  and  to  be  much  larger  than  the  rf  magnetlc*fleld 
components.  Harmonic  time  dependence  is  assumed  for  the  alternating  mag* 
netic  field  and  magnetization,  and  terms  of  second  order  In  smalt  quantities 
are  negiectec  Then  the  components  of  Kq.  ( t )  are: 

ST.  y/p/gA,  —  yl/offts 
JiuPHt  =£  0 


(28*2) 
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whersf  Po  —  frcc-epscc  propes^tion  coiut&nt 
cr  =  relative  dielectric  ^onutant 
|/a|  =  permeability  tenner  given  by  £q.  (7) 

Two  special  cases  are  considered  below, 

^Tcnniri  lire  Indicated  by  bratketn. 
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2S,S,6,l  itftfffsellc  FUtld  PmrulM  to  Proi^muntion,  Microwave  appli¬ 
cations  of  ferrites  were  first  developed  with  propepiailon  parallel  to  the  ap¬ 
plied  magnetic  field.  For  this  case  the  two  solutions  to  the  wave  equation  for 
the  anisotropic  medium  represent  Cv^unterrotating  circularly  polarlxed  waves. 
One  of  the  waves  is  rotating  in  the  dlrecdon  for  maximum  interaction  with 
the  prccesslfig  electrons  of  the  magnetized  medium,  while  the  other  wave  is 
rotating  in  the  direction  for  minimum  interaction.  Each  direction  of  polariza¬ 
tion  is  characterized  by  a  different  effective  scalar  propagation  constant. 

/fif  ^  *)  (28-9) 


The  plus  and  minus  subscripts  correspond  to  right-  and  left-hand  circularly 
polarised  waves. 

The  effective  scalar  permeability  for  the  two  waves  is 


=  1  + 


4iril/»y 
y^o  • 


(28-10) 


1 


i 


where  y  Is  a  negative  number.  is  the 
effective  permeability  for  tne  wave  that 
interacts  strongly  with  the  precesslng 
electrons  and,  as  shown  In  Figure  28-29, 
resonance  occurs  when  //o  =  w/|y|* 
Thus  it  is  seen  that  Infinite-medium 
plane-wave  theory  indicates  that  the  two 
circular  polarizations  are  the  normal 
modes  leading  to  scalar  permeabilities  in 
the  wave  equations. 


2ff.5.6.«  Mo$Mtie  Ffeldf  P^ri^n* 
iiculmr  To  Propogmtton,  An  infinite 
Finuss  2S-2V  K'fccilvc  pcrmcaLlilHw  for  ferrite  medium  magnetized  perpendlc- 
rlKht-  ami  Idt-httnd  circularly  polarlird  ij,,,  direction  of  wave  pwpsgn- 

w«v«  in  InUnlte  medium  m«nell.<..l  p.r.  didcctric 

allcl  to  (llrritlon  of  wave  propaK^tlun.  ,,  ,  .  .  -  .  .  .  ... 

If  the  rf  magnetic  field  is  parallel  to 

the  direction  of  magnetization.  If  the  rf  magnetic  field  is  normal  to  the 
direction  of  magnetisation,  different  propagation  characteristics  are  exhibited. 
Solution  to  the  wave  equation  gives  the  following  for  the  pro|>«gai!on  con 
slants: 


(28-11) 
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**)//*  (28-12) 

An  effective  permeability  can  be  ascribed  tc  o!  the  two  waved.  For  an 
rf  held  parallel  to  the  direction  of  nuignetiaation  the  effective  permeability  U 

f*j|  —  1  (28-13) 

If  the  two  are  pen>eridi..ular,  the  effective  pernriMbillty  becomea 


A  plot  of  the  two  effective  permeabiUt'cs  b  ihown  in  Figure  28-30.  Reconance 
occurs  for  the  perpendicular  wave  when  «  =  (Ho^)  ^/\  y  |. 

2S«S>7  KltteFe  Equa^oii  fo?  Bounded 

The  previous  relatlcnshlps  apply  for  pro^Mgation  in  an  inOnite  ferrite 

meidium.  !n  using  the  results  for  prac¬ 
tical  applications,  it  is  important  to 
understand  the  effects  of  the  feriite 
shape  in  determining  the  microwave 
characteristics.  When  a  ferrite  body 
Is  pieced  In  an  applied  magnetic  held, 
a  magnetisation  is  induced  within  the 
body.  This  magnetization  terminates 
on  the  surface  of  the  ferrite  body, 
creating  magnetic  poles  on  the  sur¬ 
face.  Theso  poles  are  the  source  of 
a  held  within  the  ferrite,  commonly 
CmIiCu  the  demagnetizing  held.  It  is 

».«  Kff.ctlv.  p.rmr.bm.1..  for  "'’‘I-  '^1'® 

ih«  Infinite  medium  muneti.ed  norm.l  to  pro|xirllon«llty  con»t»nt  between  the 
direction  of  wav«  prupasaiion.  demagnetizing  held  and  the  magnet¬ 

ization  A/  is  called  the  demagnetizing 
factor  The  demagnetizing  factor  is  thtw  a  measure  of  the  effect Ivcnera  of 
the  frfilc‘1  at  the  surface  of  a  ferule  body  in  tnuiuclng  a  field  inside  of  the 
lK>dy. 

It  can  be  shown  that  the  sum  of  the  der^agnctizlng  factors  for  any  three 
orthogonal  directions  Is  4fr.‘^  For  example,  in  a  long  rod  magnetised  along  its 
axis,  the  poles  are  widely  Mparaled,  the  Induced  demagnetising  field  Is  very 

^For  R)«sn«tlc  induction  defined  by  B  =  fioijl  AwM), 
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week,  Knd  thui  the  demegnetSsiDi  fcctor  elong  iU  vda  if  aero.  A  thin  dlik 
magnetiied  along  itf  exit  has  vary  doee  polee  and  a  Urge  detnagr^etii ing  field. 
Hence  the  demagnetiaing  factor  along  the  axli  of  the  diik  u  Aw,  Theae  ex^ 
amplea  are  the  extreme*;  for  other  ihapes  the  demagnetiaing  factor  for  a 
given  direction  i*  between  0  and  Aw. 

The  relation  between  the  internal  field  the  applied  field  and 
the  detnagnetiaing  field  Nli  in  a  given  ditection  U 

//i»i  =  ~  NM  (28-13) 

lliifl  equation  ii  exactly  valid  only  for  the  caae  of  an  cllipaoid  since  only  then 
if  the  ^magnetiaing  factor  a  constant.  However,  thia  reUtion  give*  reaaon- 
ably  good  reaulu  for  shapes  such  m  disks  and  rods  which  are  only  approxi¬ 
mately  ellipsoidal.  If  Eq.  (15)  is  written  for  the  three  directions  and  these 
interna!  fields  substituted  into  the  magnetic  torque  equation,  a  relation  be¬ 
tween  the  ferromagnetic  resonant  frequency  tti,M  and  the  applied  fields  is 
found.  This  relation  Is  commonly  called  Kittel's  equation.  It  can  be  written 
formally  as 


Wrw  =  I  y  I 


(28-16) 


where  the  effective  magnet'e  field  K,tt  la  given  by 

//.«  =  {(//.„  -  {N,  -  N,)M,]  [//,„  -  (.V.  -  1V,)W,1)'‘  (28-17) 


F:au«R  2S-JS  rerromisnt'llc  r«>onanci' 
frequency  k%  function  uf  applied  tnaa- 
netic  held,  liludratlnK  the  ihapc  effccti  for 
a  aphrre  and  two  extremes  ol  a  rod  with 
length  much  {treater  than  diameter  and  a 
di»k  with  diameter  much  greater  than 
thlcknenfi.  l/app  U  along  axi«  of  both  rod 
and  dUk, 


find  the  applied  fteld  !s  in  the  f  direc¬ 
tion.  Figure  28-31  illuatrAtes  several 
coses  of  Kittel's  equotion  end  shows 
that  the  effective  magnetic  Held  can 
be  either  greater  or  less  than  the  ap¬ 
plied  hcldi  depending  on  whether  the 
ferrite  sample  is  more  rodlike  or  more 
diftklike. 

An  additional  fact  which  can  lead  to 
confusion  U  that  the  term^  above,  at, 
and  below  the  resonant  frequency  are 
BynonyiTiOus,  respectively,  with  below, 
at,  and  above  the  resonant  f\eld.  Thh 
can  be  shown  by  the  following  argu¬ 
ment.  Suppose  a  ferrite  Is  excited  at 
frequency  m  (actual)  and  hat  a  mag¬ 
netic  held  applied  to  it  which  deter- 
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mines  an  effective  fteld  (a<:tua]).  Assume  that  the  Aeld  (actual)  Is 
not  the  Aeld  for  resonance  at  the  frequency  m  (actual).  The  effecUve  Aeld 
necessary  for  a  resonance  at  u  (actual)  Is  (res).  The  resonant  frequency 
associated  with  (actual)  is  w  (res).  In  equation  formi 

CD  (actual)  ss  j  r  j  (res)  and  w  (res)  =  |  y  |  (actual)  (28-18) 

Thus  if 


itf  (actual)  >  w  (res)  (28-19) 

then 

(actual)  <  H.tt  (res)  (28-20) 

The  two  inequalities  show  that  operation  at  a  frequency  above  the  resonant 
frequency  is  synonymous  with  operation  at  a  Aeld  below  the  resonant  Aeld. 

To  review:  the  following  is  a  listing  of  the  various  fields  that  have  been 
dcAned. 

//«pp  s=  thu  applied  static  magnetic  Acid  from  external  sources 

Hx^i  =;  the  magnetic  Aeld  inside  the  body 

Af  =  magnetization  or  magnetic  moment  per  unit  volume 

(Ajf,  =  magnetisation  at  Mturationi  when  all  the  domains  are  aligned 
in  a  single  direction) 

uemagnetlsing  Aeld  In  the  fth  direction 
ss  effective  magnetic  Aeld,  a  Actltlous  Aeld  deAned  by  Eq.  (17) 

28f6  Forrhe  Mierowave  Device  Principles 
Ferrite  microwave  devices  make  use  of  the  dispersion  characteristics  of  the 
ferrite  permeability  due  to  interactions  of  electrons  In  the  ferrite  with  the 
incident  microwave  signals.  As  shown  in  Section  2B.5.6,  the  normal  rodes  of 
propagation  are  circularly  polarised  waves.  Strong  interaction  occu:.i  \ox  an 
elect i:on;agnetic  wave  circularly  polarised  in  the  same  direction  us  that  in 
which  the  electrons  are  precesslng  (plus  direction),  while  only  weak  Inter- 
ncilon  occurs  for  a  wave  circularly  polarized  In  the  op[K)site  (minus)  direc¬ 
tion.  Accordingly,  for  device  api.)licHtions,  a  piece  of  ferrite  generally  is  placed 
in  a  region  of  circular  polnrlz  tUon,  or  for  certain  applications  in  a  region  of 
line.ur  pdarizatiort,  which  can  he  irc(>mj>o.H'(l  into  Its  two  circular  com^^onents. 

The  shu|)e  of  the  dispersion  curve  as  a  function  of  magnetic  Aeld  leads  to 
three  general  principles  (if  device  operation:  resonance  absorption,  Acid  dis¬ 
placement,  and  difierential  phase  shift  rroadny  rotation.  This  is 
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Fiourk  3S-J2  Effective  pcrmeftblUtles  lor  right-  (4-)  and  left-  (~)  hand  drcuUrly 
polarlxed  waves.  Propa£«tlon  parallel  to  magnetic  Aeldf  showing  magnetic  Held  bias 
required  for  various  device  principles. 

trated  kchematicADy  In  Flyura  28-32  for  tha  cue  of  propagation  parallel  to 
the  applied  magnetic  fteld.  For  eppllcationg  baaed  on  rtaonance  absorption 
(region  I),  the  effKtIve  applied  magnetic  Acid  is  adjusted  until  the  electron 
preceulon  frequency  equals  the  frequency  of  the  microwave  signal*  Then  for 
circularly  polarised  waves  there  It  a  large  energy  absorption  while  for  nega* 
tive  circularly  polarised  waves  the  loss  remalai  low,  Application  In  region  II 
are  baMd  on  the  fact  that  plus  waves  are  largely  excluded  from  the  ferrite, 
because  the  propagation  constant  of  the  ferrite  Is  approximately  sero,  while 
minus  waves  can  propagate  through  the  ferrite  in  normal  fashion.  Applica¬ 
tions  In  region  HI  arc  possible  l>ecause  diffcrenllal  phase  shift  or  Faraday 
rotation  depends  on  the  difference  between  the  two  permeability  curves. 

Devices  based  on  these  three  principles  are  discussed  In  more  detail  btiow* 
Applications  based  on  longitudinal  and  transverse  nmgnetic  Aeld  are  discussed 
separately, 

28.6.1  Applied  Magnetle  Field  Parallel  to  Direction  of  Propaga* 
lion 

28.6.i.J  Farmday  RoUiion  Applicciii^ns,  In  1845  Faraday  passed 
light  through  a  foil  magnetised  In  the  direction  of  ptopagatlon  and  observed 
a  rotation  of  the  plane  ui  polarisation.  He  also  observed  that  the  angle  of 
rotation,  proportional  to  the  thickness  of  material  traversed,  h  a  function  of 
the  applied  magnetic  Acid  and  Is  In  the  same  direction  whether  the  wave  is 
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propagsted  in  the  direction  ol  the  magnetic  held  or  oppoaite  to  it,  Theae 
Mme  phenomena  have  been  observed  in  the  microwave  region  and  are  in 
quaiitative  agreement  with  the  predicted  reiulti. 

Tha  relations  given  in  Section  28.5.6  are  of  apecia!  interaat  because  any 
linearly  polarised  wave  may  be  resolved  into  two  counterrotating  circularly 
polariaed  waves  providing  compatible  boundary  conditions  exist.  Equation  (9) 
shows  that  the  two  circular  components  of  a  linear  wave  are  propagated  with 
different  propagation  constants  corresponding  to  different  pbaM  velocities. 
Upon  emerging  from  the  anisotropic  medium  and  recombining,  the  two  cir« 
cular  waves  result  in  a  linear  wave  rotated  relative  to  its  initial  orientation. 
Since  4*  P-t  if  '*  xpptrent  that  the  resultant  of  the  two  circular  waves  is 
rotating  in  the  direction  of  the  one  with  the  larger  phase  factor.  The  effective 
phase  factor  is  +  P-)/2,  and  the  plane  of  polarisation  is  rotated  by 
an  angle 

#i,=  (/J. -)9+)  s/2  (28-21) 

This  rotation  is  known  as  Faraday  rotation.  Substituting  from  Eq.  (9)  and 
(10)  into  Eq.  (21)  yields 


(28-22) 


The  magnetic-fleid  dependence  of 
the  Faraday  rotation  is  illustrated  in 
Figure  28-3J.  The  rotation  is  roughly 
linear  with  Acid  up  to  the  point  of 
magnetic  saturation,  which  normally 
occurs  for  applied  fields  under  100 
oersteds.  The  rotation  then  remains 
essentially  constant  until  field  values 
approach  the  region  of  ferromagnetic 
resonance. 

There  exist  a  large  number  of  micro- 
wave  devices  based  on  Faraday  rota¬ 
tion.  Some  of  these  depend  on  a  fixed 
Kkukc  rit-j.i  ixpcnitcnci'  o(  Ksrsdsy  ri)-  rotation,  and  others  depend  on  varla- 
I.ilon  oil  mnsnrilc  ftel.i  Ht  con.tsni  fre  rotation  controlled  by  changes 

In  the  applied  magnetic  field. 

Faraday  rotation  devices  are  generally  constructed  with  ferrite  rods 
mounted  coaxially  In  circular  or  square  waveguides  or  any  structure  having 
fourfold  rotational  symmetry.  The  rod  Is  magnetized  along  Its  axis  in  one  of 
several  different  ways.  For  variable  magnetic  fields,  a  solenoid  is  generally 
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wound  about  th«  wavcfuldo  containing  the  ferrite  rod.  Fixed  longitudinal 
held)  are  achieved  by  placing  email  perntinent  rod  magneti  ineide  the  wave¬ 
guide  between  two  ferrite  rods^  or  by  placing  ring  magneti  around  the  out- 
lide  of  the  waveguide;  the  email  rod  magneti  Introduce  uudH..ilrable  frequency 
fensitivitiee  for  certain  applications. 

Isolator,  One  of  the  flnt  recognised  applications  of  magnetic  ferrite  micro- 
wave  properties  was  that  of  a  one-way  transmission  system,  or  a  load 
Isolator,  using  Faraday  rotation.  The  manner  in  which  this  Is  achieved  Is  il¬ 
lustrated  in  Figure  2S-34.  The  ferrite  sample  length  and  the  biasing  magnetic 


giouRK  Firsday  rotitlon  micro-  Fiourk  2$~S$  Microwave  switch  or  «m- 

wive  UoUtor.  plltude  modutitor. 

held  are  adjusted  to  give  45*  Faraday  rotation.  Then,  energy  entering  the 
generator  end  polarised  along  a  is  rotated  45*  by  the  ferrite  to  b.  This  polar¬ 
isation  is  acceptable  to  the  output  waveguide;  hence  there  is  transmission 
with  low  loss.  Energy  reflected  from  the  load  enters  the  rotator  polarised 
along  b  and  is  rotated  45*  by  the  ferrite  Into  the  direction  c  where  It  Is  ab¬ 
sorbed  by  a  resistance  card.  Tius,  the  nonreciprocity  is  due  to  the  fact  that 
the  ferrite  rotates  the  plane  of  polarisation  In  the  same  direction  In  space 
indepenoent  of  the  direction  of  propagation. 

r-^icrcivave  Switch  or  Amplitude  Modulator,  Another  possible  application 
is  suggested  by  Figure  28-31  Here  the  magnetic  field  can  be  varied  so  that 
the  Faraday  rotation  varies  from  0*  to  90*.  For  sero  rotation,  maximum 
energy  will  be  transmitted,  and  for  90*  rotcilori  negligible  energy  will  be 
transmitted.  Varying  the  magnetic  held  produces  an  on-off  switch  or  provides 
amplitude  modulation.  Typical  characteristics  for  this  type  of  switch  are 
maximum  and  minimum  attenuations  of  approximately  30  db  and  0.25  db, 
respectively,  and  a  d-c  power  requisrcnient  of  about  11  watt. 

Microwave  Cyralor,  A  gyrator  Is  an  element  for  which  the  Impedance 
matrix  off-diagonal  elements  are  the  negative  of  Z^.  The  gyrator  Is  similar 
to  the  device  shown  in  Figure  2S-34,  except  that  the  waveguide  twt«t  and  the 
Faraday  plate  each  give  90*  rotHtion.  A  wave  paiksing  from  left  to  right  re¬ 
ceives  180*  rotation  or  180*  phase  shift,  while  one  passing  from  right  to  left 
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receives  rom.  Hii  lyrntor  li  a  ftfth  n«t  work  element  which  can  be  m^d  ai  a 
basic  circuit  element  for  network  synthtiU.  It  ii  comparable  in  theoretical 
ilgnihcance  to  the  capacitor,  resistor,  inductor,  and  transformer. 

Microwavi  Cireula(0r,  The  circulator  U  a  multiple  port  device  designed  to 
transmit  a  signal  from  one  of  its  ports  to  an  adjacent  port  while  tsolating  the 
signal  from  all  other  ports;  that  is,  a  signal  into  Port  One  goes  out  Port 
Two;  a  Signal  into  Port  Two  goes  out  Port  Three,  etc.;  and  a  signal  into 
the  last  port  goes  out  Port  One.  The  usual  Faraday  rotation  circulator  hu 
four  ports,  each  with  polarisation  orientation  ao  ihowt^  In  F*'*  <  18-36.  In 

the  center  section  is  .  ^  Faraday 
plate.  Incident  power  with  orientation 
a  is  turned  into  polarisation  6.  Simi¬ 
larly,  d  is  turned  into  c,  c  into  d  and 
d  Into  a. 

Feedback  AmfiiUude  StabMser  A 
device  similar  to  the  amplitude  modu¬ 
lator  can  be  used  as  a  control  element 
to  give  constant  amplitude  f*‘om  n 
sweep  oscillator.  A  sensing  clement 
controls  the  current  to  the  rotator  sole¬ 
noid  In  such  a  manner  rs  to  counteract 
changes  In  output  amplitude. 

FoiarhaUon  DefecHan  and  Modula¬ 
tion.  Farr^day  rotation  is  useful  for 
rapidly  determining  the  orientation  of  the  linear  TEw  wave  In  a  circular 
waveguide.  A  detector  located  In  a  predetermined  direction  shows  a  maximum 
output  when  the  signal  is  rotated  Into  that  plane  by  a  Faraday  rotator.  A 
rotator  also  can  be  uced  tn  modulate  the  polarisation  nf  a  transmitted  signal. 

S8,6d*S  MicrcHmp0  Enorgy  Di$plac^m0nt  Appllcm$lon$,  A  large  dif¬ 
ference  !n  the  energy  distribution  can  be  obtained  for  the  two  counter¬ 
rotating  TEi\  modes  in  a  circular  waveguide  containing  a  ferrite  rod. 
Equation  (10)  and  Figure  28-32  indicate  that  a  ferrite  rod  magnetised  along 
its  axis  presents  an  effective  rf  permeability  of  between  1  and  2  for  a  negative 
circuit  polarised  wave.  For  the  positive  wave,  tlie  field  can  be  adjusted  so 
that  the  effective  rf  permeability  becomes  very  small  and  negligible  energy 
is  transmitted  through  the  ferrite  rod.  With  the  Urge  dielectric  constant  er 
normally  possessed  by  ferrites,  the  product  may  be  sufficiently  Urge  to 
permit  the  negative  wave  to  propagate  within  the  ferrite  rod  as  In  a  dielectric 
waveguide. 

Energy  displacement  due  to  a  magnetixed  ferrite  also  can  be  used  to  make 


Ktnvsx  2a-.t6  Firaday  rotation  micro- 
wave  circulator  and  achematic  lymbol  for 
circulator. 
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bolatori,  microwave  iwitchea,  or  amplitude  modulatora.  The  microwave 
teometry  used  If  similar  to  that  shown  in  Figure  28-S7. 

Entfgy  Disphctmznt  Isolator,  A 
unidireciionai  trinfmiuion  line  can  be 
constructed  by  adding  quarter-wave 
pbUa  before  and  after  h  ferrite  rod 
with  an  absorber  Inserted  in  it.  For  the 
forward  direction  of  propagation,  for 
which  the  quarter  wave  plate  converts 

_ i— a  linear  wave  to  one  having  positive 

^  circular  polarisation,  the  wave  tends  to 
around  the  ferrite  with  small  In- 
sertion  Iom.  For  the  backward  direc¬ 
tion  of  propagation,  the  negative 
noun*  28.37  En.r*y  dl.pl.eem«nt  l«I.tor.  ,5„d,  con- 

centrate  Inside  the  ferrite  and  is  absorbed,  glvin<r  a  high  isolation.  The  ab¬ 
sorber  also  may  be  coated  on  the  surface  of  the  rod  with  similar  results. 

Micro%vav$  Switch  or  Amplitude  ModtUator,  Amplitude  modulation  can  be 
achieved  by  applying  an  alternating  magnetic  held  to  the  bulc  Isolator  de- 
Kribed  In  the  preceding  section.  If  the  aoplied  held  Ik  initiahy  in  the  direction 
of  maximum  energy  transmission  and  is  then  reversed,  the  microwave  output 
can  be  reduced  by  50  db.  Aa  the  applied  field  swings  back  and  forth,  ampli¬ 
tude  modulation  of  the  microwave  energy  results. 

2B,6»X^5  Farrommgnaiic  Itrsorurisc#  Abeorpliost  AppUemtione^  Equa¬ 
tion  (10)  shows  that  resonance  occurs  for  the  positive  circular  wave  if 
I  y  I  Ho  =  ftf.  This  is  the  condition  for  which  the  microwave  freq  icn^  v  's 
equal  to  the  frequency  of  electron  precession.  At  this  frequency  the  ole  vi  ,t$ 
extract  a  maximum  amount  of  energy  from  the  wave.  Although  Kq.  («  was 
derived  for  the  loss-free  medium,  the  resonance  condition  is  essentially  the 
same  when  the  loss  term  Is  Introduced.  Under  these  conditions,  as  shown  In 
Figure  28-38,  the  absorption  can  be  increased  or  decreased  by  control  of  the 
magnetic  held  In  the  neighborhood  of  resonnnee. 

Resonance  absorption  can  be  used  as  the  basis  for  isolators,  modutaton, 
or  switches  and  tunable  filters.  If  the  longitudinal  magnetic  Acid  is  adjusted 
for  the  resonance  condition,  the  positive  circular  wave  will  be  absorbed  by 
the  ferrite  and  the  negative  wave  will  not  be  appreciably  affected  if  the 
ferrite  Is  in  the  form  of  a  small-diameter  rod. 

Resonance  Absorption  Isolator.  One  geometry  for  achieving  a  resonance- 
absorption  isolator  is  similar  to  that  shown  in  Figure  28-37.  No  abso/l>er  Is 
required  in  the  ferrite  fur  this  application.  A  quarter-wave  plate  priced  In 
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front  of  the  ferrite,  io  a»  to  convert  a 
lineer  input  wave  to  negative  circular 
polarization,  will  |>crmit  transmission 
past  the  ferrite  element.  A  second 
quarter-wave  plate  placed  after  the 
element  is  used  to  convert  btick  to  the 
initial  linear-wave  orientation.  If  the 
linear  wave  is  incident  from  the  op¬ 
posite  direction,  it  is  converted  to  a 
positive  wave  relative  to  the  magnetic 
Aeld  and  is  absorbed  by  the  ferrite. 
Mkrowavg  Switch  or  Amplitude 
Ficjurk  2B«.ts  Fmomtitnetlc  r«onsncc  A/ If  the  applied  magnetic  flcld 


Absorption  for  longltudlnAl  mAfinvtlc  l\c!d 
(A)  And  trunivcrM  mAgnctlc  ftcld  (H) 


ix  varied  about  some  value  near  the 
shoulder  of  the  absorption  curve  shown 
In  Figure  28-38,  modulation  results.  Similarly,  olT-on  switching  can  be  ob¬ 
tained  by  rapidly  changing  the  magnetic  Aeld  from  resonance  to  off-resonance 
values.  Because  of  the  high  applied  Acids  required,  modulation  or  switching 
by  resonance  absorption  for  longitudinal  fields  is  not  nearly  so  practical  as 
(he  use  of  Faraday  rotation  or  energy  displacement. 

Coaxial  and  Strip-Lint  Tunablt  Filters,  Ferrite-loaded  coaxial  and  strip 
transmission  lines  provide  geometries  for  utilizing  tunable  reciprocal  reso¬ 
nance  absorption.  For  these  cases,  a  sleeve  of  ferrite  is  Inserted  Into  the  co^ 
axial  line  or  a  slab  Is  inserted  Into  the  strip  line  and  a  longitudinal  or 
transverse  Aeld  Is  applied.  The  amount  of  attenuation  produced  by  the 
element  Is  then  controllable  over  wide  ranges  by  varying  the  amplitude  of 
the  applied  Aeld. 


28.6.2  Applied  Magnetic  Field  Transverae  to  Direction  of  Propa¬ 
gation 

If  a  region  of  rotating  rf  magnetic  Aeld  exists,  n  small  piece  of  ferrite  in 
this  region  can  be  used  cAectively  to  control  the  microwaves.  Maximum  inter¬ 
action  between  the  microwave  energy  and  the  precessing  electrons  will  occur 
if  the  plane  of  the  rotating  rf  magnetic  Aeld  la  perpendicular  to  the  d-c  Aeld 
direction  and  If  the  rf  Aeld  and  electrons  are  rotating  (n  the  same  sense,  if 
they  rotate  with  opposite  senses,  the  interaction  is  very  small.  These  Acid- 
electron  intcractionM  lead  to  the  variations  in  propagation  constant.  The 
propagation  constant  Is  actually  complex,  containing  both  phase  factor  and 
attenuation,  which  are  respectively  different  for  the  two  counterrotating 
waves. 

In  a  rectangular  waveguide  of  a  TEm  mode,  there  arc  two  planes  parallel 
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to  the  tide  wftlli  In  which  the  rl  magnetic  field  ii  circularly  polariaed.  There¬ 
fore,  if  a  very  thin  ferrite  ilab  ii  placed  in  one  of  theie  planes  and  nmgnettied 
so  that  the  electrons  precess  In  the  direction  of  rf  field  rotation,  itrong  field- 
electron  interaction  reeulti.  Thick  ferrites,  however,  greatly  distort  the  empty 
waveguide  fields,  and  the  field  solutions  must  be  walculated  on  the  basis  of 
the  lolled  guide  configuration.  Nevertheless,  simplified  considerations  give  a 
qualitative  picture  of  bow  a  transversely  rnsignetlsed  slab  affects  the  wave¬ 
guide  transmission  properties.  If  the  d-c  magnetic  field  were  reversed,  or  if 
the  slab  were  placed  on  the  oppoclti^  side  of  the  center  plane,  or  equivalently 
if  the  direction  of  propagation  were  reversed,  there  would  be  very  little  inter¬ 
action  between  the  field  and  electrons  because  their  directions  of  rotation 
would  be  opposite.  These  considerations  form  the  basis  for  rectangular  wave¬ 
guide  devices  possessing  nonreciprocal  and  magnetically  controllable  phase- 
shift  and  attenuation  characteristics. 

Pha$€^hifi  AppUcmiion$ 

Phase  Modulators,  Phase  modulation  is  achieved  by  placing  a  small  ferrite 
slab  in  a  rectangular  waveguide  in  a  region  of  either  linear  or  of  rotating 
microwave  magnetic  field.i,  and  amplitude  modulating  the  transverse  applied 
magnetic  field.  If  a  single  slab  of  ferrite  is  placed  in  a  region  of  circular 
polarisation  the  phase  shift  will  be  nonreciprocal.  This  also  Is  the  case  for 

two  slabs  biased  as  in  Figure  28-39. 
However,  If  ine  two  slabs  are  biased 
In  the  same  direction  the  phaM  shift 
will  be  reciprocal. 

An  electronically  controllable  phase 
shifter  also  can  be  constructed  by 
placing  &  ferrite  In  a  coaxial  or  strip 
transmission  line  and  magnetlx[ng 
transversely  or  longitudinally  with  low 
magnetic  fields.  The  phase  shift 
through  the  element  Is  reciprocal  and 
FKtuKK  2S.J9  Nonrcclproca!  phaf.r  ihlftrr.  Is  a  function  of  the  amplitude  of  the 
RrctAniiuiiir  WAvritulde  loAfictl  with  maS'  magnetic  field. 

nclUfd  .1.1)  of  fcrrlm  In  i  m.nner  to  Circulaiori.  FiRUre  28-40  lllustriite!l 
.0  m.kr  11  nonr«lproc«!,  ^  circulatoi  utiilalnR  the  differ- 

entlal  phase  shift  of  a  transverKV  magnetized  ferrite  slab  in  rectangular 
waveguide.  A  gyrator  having  a  differentia!  phase  shift  of  180*  is  placed  In  a 
closed  loop  with  two  magic  tees.  Consideration  of  the  relative  signal  phases 
shows  that  a  signal  introduced  at  A  emerges  at  C-sD.  and 

Another  type  of  dlfferentiai  phase  shift  circulator  is  shown  in  Figure  28*41. 
Here,  a  90*  differential  phase  element  is  used  together  with  a  short  slot 
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Kiourk  TrariivcrM  ftcld  microwave  Fiouaa  21-41  DIffereniUI  |>haM  ihilfl  ftr- 

clrculator.  ritt  circulator  with  Khrmatlc  lymbol. 

coupler  and  a  folded  hybrid  tee.  This  type  hai  an  advantage  over  that  ihown 
In  Figure  2S-40  ilnce  only  half  u  much  phaae  aUft  it  required. 

Single  Sideband  Modulator,  A  tingle  ildeband  modulator  can  be  built  ut  li¬ 
lting  two  quarter-wave  platei  and  a  cleverly  designed  180*  differential  phate 
thifter.  The  ferrite  element  it  trantvericly  magnetlxed  to  give  180*  phaM 
differential  between  ilgnal  componenti  parallel  to  and  perpendicular  to  the 
magnetic  held.  The  analog  of  a  rotating  half-wave  plate  it  created  by  uting 
two  palrt  of  elect romagneit  let  up  perpendicular  to  each  other  and  to  the 
waveguide  axit  and  excited  in  time  quadrature.  By  placing  the  phase  shifter 
between  the  quarter-wave  plates  the  output  wave  It  continuously  shifted  in 
phatCi  producing  tingle  sideband  modulation. 

Electronic  Scanning,  The  radiation  pattern  of  an  antenna  can  be  altered 
by  shifting  the  phase  dlitrlbutlon  at  the  feed.  The  pattern  resulting  from 
waveguide  slot  antennas  can  be  altered  by  adding  a  tr.  jisvctiely  magnetised 
ferrite  tlab  In  the  waveguide  to  change  the  relative  phases  at  the  slots. 

The  possibllitits  of  electronic  pattern  control  by  the  use  of  ferrites  arc 
relatively  untap^xd  and  teem  promising. 

2B.6.2.3  Micro%omvo  FMd^DUplmcomunt  Applicctione,  A  ferrite  slab 
inserted  In  the  A'-plane  of  i;  rectangular  waveguide  can  Mriously  distort  the 
nverowave  Helds.  The  Helds  near  the  ferrite  are  dependent  on  the  direction  of 
propagation  and  can  be  made  to  differ  appreciably  for  the  different  directions. 
Such  Held  displacement  effects  ran  be  used  for  a  variety  of  applications. 

Ficid  Displacement  Isolators,  Several  methods  are  used  for  achieving  Isola¬ 
tion  by  microwave  Held  displacement.  A  common  method  is  to  design  the 
structure  so  that  for  one  direction  of  propagation  the  Held  Is  displaced  into 
an  absorbing  loud.  The  absorber  may  be  placed  on  the  ferrite. 

Amplitude  Modulator,  As  described  before  for  the  longitudinal  Held  case^ 
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the  implltudf  can  be  varied  by  chanfing  the  biasing  held  so  as  to  vary  the 
held  distribution  in  the  vicinity  of  the  absorber. 

f J  F^mmsgnmiie  Jtosonmrc  Abiotption  Appfkmiiont,  Reso¬ 
nance  absorption  U  possible  regardless  of  the  microwave  magnetic  Held 
configuration.  If  a  ferrite  Is  located  in  a  linear  microwave  magnetic  held,  the 
resonance  frequency  is  shown  by  Eq.  (14)  tobew  =  \y 
The  same  ttevlces  can  be  constructed  using  ferrites  wUh  tratisverse  applied 
magnetic  fields  as  were  constructed  for  ferrites  longitudinally  magnetised  to 
resonance.  A  ferrite  slab  is  placed  in  the  £-plane  to  one  side  of  Hit  center  line 
of  a  rectangular  waveguide  and  magnetised  along  the  £-plane.  Since  the  fer¬ 
rite  is  located  in  a  region  of  rotating  microwave  magnetic  fields  which 
ctrongly  interact  with  the  preceolng  electrons  for  only  one  direction  of  prop- 
agatioOf  resonance  absorption  occurs  for  only  the  one  direction  of  propaga¬ 
tion. 

Riiot^nci  AbsorpUon  Isolator,  Resonance  isolators  constructed  In  rec¬ 
tangular  waveguides  with  transverse  applied  magnetic  fields  give  high  isola¬ 
tion  to  insertion-loss  ratios  and  are  the  most  common  type  of  isolator  in  use. 
In  one  of  Its  simpler  forms,  a  ferrite  slab  Is  mounted  in  the  guide  as  shown 

in  Figure  38-42  and  the  applied  mag¬ 
netic  held  is  adjusted  (or  resonance.  If 
the  microwave  magnetic  field  Is  ro¬ 
tating  in  the  positive  sense  with  respect 
to  the  applied  d-c  magnetic  Held,  large 
absorption  can  be  achieved.  For  the 
opposite  direction  of  wave  propagation, 
the  microwave  held  roti.tes  In  the 
negative  Mnse  In  the  plane  of  the  fer- 
Fiouw  23-.  3  Tr.n.v.r..  fteld  rcK.n..Kt  negllRlble  fcbiorption  occur.. 

A  v«rl«tlon  of  th!.i  geometry  it  to  cut 
out  the  center  section  of  the  ferrite  so  that  two  small  slabs  go  only  part  way 
across  the  guide.  Frcnt-to-back  loss  ratios  of  100:1  at  single  frequencies  can 
be  obtained  uMng  this  geometry.  In  general  this  geometry  has  given  band- 
widths  of  the  order  of  10  percent.  However,  by  loading  the  structure  with 
appropriate  dielectric  materials,  the  bandwidth  can  be  increased  to  approxi¬ 
mately  50  i)crccnt,  Dielectric  loading  also  Improves  the  electrics!  characterise 
tics  l)y  concentrating  the  microwave  energy  in  the  vicinity  of  the  ferrite. 

28.6.3  Applications  Saoed  on  Nonlinear  Effects 
Probably  the  most  promising  area  for  new  applications  of  ferrimagnetk 
materials  is  based  on  utilising  the  nonlinear  properties.  For  small  signals  the 
magnetic  moments  in  the  ferrite  can  be  considered  to  process  as  a  unit  in  a 
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uniform  precessional  mode.  However,  u  the  tigiuil  level  U  increaeed  • 
threihold  ii  reached  above  which  energy  li  coupled  from  the  uniform  pre- 
cessional  mode  Into  higher-order  ipln-wave  modea.  Thia  reeulta  in  anomalies 
in  the  propagation  conditloni  which  show  promlee  for  a  variety  of  appUca- 
tlone.  The  nonlinear  effecU  depend  on  the  type  of  material,  the  aample  ahepe, 
and  the  manner  of  loading  the  microwave  structure. 

Hormonic  Gm^rmHon  mnd  •  By  driving  a  ferrite  or 

ferrhnagnetlc  garnet  Into  the  nonlinear  region,  It  is  possible  to  produce  large 
second-harmonic  signals.  Conversion  efhciencles  of  greater  than  —4  db  have 
been  obtained,  indicating  that  ferrites  are  a  practical  means  of  generating 
high  peak  powers  at  high  frequencies,  when  used  as  frequency  doublers. 
Higher  harmonics  can  be  generated  but  with  much  lower  converalon  efficien¬ 
cies.  It  also  Is  possible  to  use  the  nonlinear  properties  for  miaing  of  micro- 
waves  at  high  signal  levels. 

28i6»3»2  lilUraumr  *  The  sharp  thresholds  obtainable  for  the 

Incidence  of  nonlinear  absorption  provide  a  method  for  bulidlng  a  passive 
microwave  limiter.  Under  certain  conditions  output  signals  can  be  main¬ 
tained  aubstanilally  below  i  watt  for  a  range  of  Input  powers,  Indicating  the 
possibility  of  crystal  protection  by  means  of  a  circulator  and  limiter. 

28«7  LlmlUtlona 

Up  to  the  present  time  ferrite  devices  have  had  certain  limitations  in  fr«*- 
quency  coverage,  bandwidth,  and  power-handling  capabilities  which  have 
restricted  their  use  in  ECM.  In  general  the  limitations  have  been  due  to  the 
prot)erties  and  geometry  the  ferrite  and  the  properties  of  the  guiding  struc¬ 
ture  in  which  the  ferrite  Is  placed.  These  limitations  are  now  dlKUssed  along 
with  some  indication  of  how  they  are  being  overcome. 

28.7.1  Low-frequency  Lfmltallona 

The  major  limitation  on  the  application  of  ferrites  at  low  microwave  fre¬ 
quencies  is  due  to  the  properties  of  the  ferrite  material.  In  an  unuturated 
state  the  domains  in  a  ferrite  sample  are  randomly  oriented  and  sba|)ed. 
Each  domain  has  a  magnetisation  of  4w  3/.  and  is  acted  upon  by  a  Aeld  due 
to  its  Immediate  neighbors  and  by  its  own  demagnetizing  Arid.  The  ncighltor- 
ing  domaiiiS  and  the  sclf-denmgnetizlng  Aelds  can  produce  any  A^ld  from 
zero  to  4fr  A/,.  Thus  any  given  domain  will  exhibit  ferrimagnetlc  resonance 
at  some  frequency  equal  to  or  less  than  iw  A/«|  y  |.  The  entire  sample  will 
CAhihlt  a  broad  spectrum  of  losses,  called  tow-Aeld  losses,  up  to  a  frequency  of 
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4r  ilf«|  y  |.  When  the  sample  is  saturated^  it  acts  as  a  single  domain  and  the 
losses  are  mucentrated  about  a  single  frequency  given  by  Kq.  (16). 

Ferrite  devices  hrst  came  into  widespread  use  at  the  higher  microwave 
frequencies.  These  devices  for  the  most  part  used  ferrites  operating  at  or 
above  the  resonant  frequency  rather  than  l^low  the  resonant  frequency.  This 
is  because  of  the  larger  nonreciproc&l  properties  obtained  and  the  smaller 
applied  fields  required  above  the  resonant  frequency.  In  order  to  use  the 
lowest  possible  applied  fields  at  these  high  frequencies,  longitudinally  mag¬ 
netised  rods  or  slabs  nmgnetixed  in  their  plane  were  used.  When  these  same 
devices  were  scaled  for  operation  at  lower  frequencies  a  limit  was  encoun¬ 
tered  in  operating  at  or  above  the  resonant  frequency.  Figure  28-31  illus¬ 
trates  the  case  for  a  red.  It  is  seen  that  2w  Jl/«|  y  {  is  the  lowest  frequency  at 
which  operation  at  or  above  resonance  Is  possible. 

One  way  to  obtain  operation  of  ferrite  devices  at  lower  frequencies  is  to 
reduce  the  Sow-fteld  loss  by  using  materials  with  lower  saturation  moments. 
Signiftcant  progress  has  been  made  in  this  direction.  However,  a  problem  in 
making  materials  with  low  saturation  moment  is  the  tendency  for  the  Curie 
temperature  To  to  decrease  as  it  is  reduced.  It  should  be  recalled  that  Tr  is 
the  temperature  at  which  the  ferrimagnetic  properties  disappear.  Another 
problem  resulting  from  reducing  Is  thtit  the  nonreciprocal  properties  and 
the  resonance  absorption  are  also  reduced  since  both  are  proportional  to  A/.. 
Hence  It  Is  necessary  to  increase  pro|)oitionately  the  length  of  the  ferrite 
and  the  device  when  M,  Is  reduced. 

Another  approach  to  low-frequency  operation  is  to  use  a  ferrite  conAgurn- 
tion,  such  as  a  thin  disk,  which  is  operable  above  resonant  frequency  down 
to  a  vety  low  frequency  (see  Figure  28-31).  Although  this  is  effective  for 
some  applications,  It  has  the  disadvantage  of  requiring  a  much  larger  applied 
magnetic  Aeld.  A  third  possibility  Is  to  operate  nt  a  frequency  below  the  res¬ 
onant  frequency.  At  higher  frequencleit,  thi.n  type  of  operation  Is  not  ad¬ 
vantageous  because  of  the  large  static  magnetic  Aeld  required  and  the  small 
interaction  which  occurs  In  this  region.  Hut  as  the  operating  frequency  de¬ 
creases  the  required  Aeld  decreases,  and  the  amount  of  interaction  for  a  !ow- 
magnetixatiun  maierla)  operated  above  resonant  frequency  becomes  Itss  than 
that  for  a  high  imgnellxatlon  material  •\ne»‘atcd  below  resonant  frequency. 
When  this  hapi)cns  it  Is  advantageous  to  o[M?riilc  below  the  resonant  fre¬ 
quency.  Under  these  conditlon.H  the  ferrite  requirements  for  opiimum  ();)ertt- 
tion  arc  a  nigh  saturation  magnctixatlon  anc!  a  narrov/  lincwldth.  1'he  line- 


*SaturNtlon  urcum  whpn  the  intorn»i  nuflkivnt  to  hrioK  the  miUt'rinl  nbovi*  the 

kni'c  of  the  mnunctlxnlion  curvo  Stnre  moMt  krriteit  have  narrow  hyolvri'nln  idopn,  thi« 
Internal  add  at  ttaiuratlon  U  umall.  From  Fq.  (IM  U  U  uccti  that  n^tturatioii  toiurk  when 
the  antdh'd  Odd  im  uliahtiy  ^rratt^r  than  A'S/.. 
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width  h  eticb  important  paramater  that  it  b  givan  a  aaparata  faction  bolcw. 

Hn  operating  at  lower  and  lowar  fraqucncies  otbar  problama  ars  expactad 
to  arifa.  For  axanipla,  at  lower  fraquenciei  one  expacts  othar  lostfi  such  as 
domain-wall  resonances  and  dielectric  relaxation.  The  present  iow-fraquency 
limit  o!  devices  operating  at  or  above  the  farromagnalic  resonant  frequency 
is  below  2  kmc  for  some  commercially  available  devtcas  and  below  1  kmc  In 
experimental  programs.  The  limit  for  devices  operating  below  tbs  rtaonant 
frequency  is  not  known,  but  theory  indicates  It  may  be  under  100  me. 

28.7«2  CRewldlh 

The  ferromagnetic  resonance  iinewidth'*  is  an  important  parameter  in  the 
consideration  of  limitations  of  ferrite  devices.  For  clmost  all  applications,  the 
characteristics  of  devices  Improve  as  the  llnawidth  decreases. 

The  forces  existing  In  a  crystal  lattice  cause  the  magnetisation  to  have 
preferred  orientations.  This  anisotropy  Is  described  by  attributing  a  fictitious 
magnetic  Aeld  to  the  crystal  and  calling  it  the  anisotropy  Atld.  The  llnewidth 
for  polycryctalline  ferrites  Is  larger  than  tha*  for  single  crystals  because  the 
anisotropy  Aelds  are  not  all  oriented  in  the  ume  direction.  Hence  each 
siallite  Is  resonant  at  a  different  frequency  and  the  absorption  line  is  spread 

as  shown  Figure  48-43.  Nr*e  that  off- 
resonance,  the  losses  for  a  single  cry¬ 
stal  sample  and  a  polycrystslline 
sample  are  almost  the  same. 

For  ferrite  devices  depending  on  dif¬ 
ferential  phase  shift,  It  is  common  to 
define  a  Agure  of  merit  as  the  ratio  of 
phase  shift  to  loss.  Such  a  Agure  of 
merit  is  inversely  proportional  to  the 
resonance  llnewidth.  The  derived  re- 
latlnnships  mal  ft  it  possible  to  predict 
the  lowest  operating  frequency  for 
ferrite  devices  of  a  given  ratio  of  phase 
shift  to  loss.  For  90*  of  differential 
phase  shift,  1  db  of  insertion  loss  and 
a  llnewidth  of  50  oersteds,  the  theo¬ 
retical  lower  frequency  limit  Is  approximately  500  mcs.  If  the  llnewidth  Is  ^ 
oersteds,  this  limit  is  reduced  to  50  mcs. 

In  order  to  reduce  the  llnewidth  of  polycrystaiiine  ferrite  samples  it  is 

*The  llnewidth  may  be  dehned  aii  the  tnercmcntal  frequency  or  Acid  between  the  |>o!riti 
where  the  absorption  In  dcclbelR  i%  hulf  the  peak  resonance  sboorption  in  dcclbcli.  ThU 
number  ahould  be  Itidepcndent  of  the  amount  of  ferrite  preient, 


Fiomt:  2S<4.t  Ferromatfi^eilc  rifronance 
absiirption  for  three  crystailitrn  of  a  pnly- 
rrystailine  «amp)r  showing  the  effect  of  (he 
different  anisotropy  Aeld  orientation  in  the 
sample  on  the  resnnani  held  for  ^ach  crys- 
taliite, 
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necessary  to  reduce  the  crystaillne  aniiutropy.  One  way  of  achieving;  this  is  to 
make  smAli  addif  !cns  cobalti  since  cobalt  ferrite  has  an  anisotropy  constant 
opposite  to  that  of  other  common  ferrites.  Use  of  this  technique  has  resulted 
in  polycrystalHne  ferrites  with  llnewidths  of  approximately  200  oersteds.  To 
date,  the  lower  limit  of  llnewldth  ot  single  crystal  ferrites  is  about  50  oer¬ 
steds.  PolycrystalHne  fcrrimagnctic  garnets  have  llnewldths  of  approximately 
this  value,  while  single-crystal  ferromagnetic  garnets  have  been  made  with  a 
llnewldth  of  less  than  1  oersted. 


28«7t3  Bandwidth 

There  are  two  important  and  separate  problenu  associated  with  the  band¬ 
width  of  ferrite  microwave  components.  One  problem  Is  due  to  the  inherent 
frequency-response  characteristics  of  the  ferrite  material.  In  general,  the  use¬ 
ful  properties  of  a  ferrite  result  from  Its  tensor  permeability;  and,  as  shown 
in  Eq.  (4)  and  (5),  the  tensor  components  are  frequency  dependent.  The 
extent  to  which  this  frequency  dependence  Is  transferred  to  a  particular 
device  depends  on  the  manner  In  which  the  tensor  properties  are  used  to 
produce  the  device  characteristics.  A  Kcond  and  often  more  important  prob¬ 
lem  in  ferrite  component  bandwidth  dq}ends  on  the  manner  of  waveguide 
loading.  The  held  distribution  In  the  waveguide  Is  frequency  dependent.  This 
causes  a  change  in  the  rf  field  conggiiralion  seen  by  the  ferrite,  which  In  turn 
may  result  In  a  deterioration  of  the  component  characteristics. 

in  order  to  iilustratr*  some  of  the  factors  involved  In  bandwidth  improve- 
ntent,  the  specific  examples  of  Faraday  rotation  devices  and  resonance-ab¬ 
sorption  isolators  will  be  considered  briefly. 


28»7.SJ  Fmr^dmy  HoMion,  As  described  in  Section  28.6,  the  operation 
of  Faraday-rotation-type  devices  depends  on  the  difference  in  permeability 
for  two  counterrotating  rf  magnetic  fields.  Equation  (22)  shows  that  the 
Faraday  rotation  per  unit  length  in  an  infinite  medium  is  frequently  depend¬ 
ent.  However,  if  the  operating  frequency  Is  considerably  greater  than  the 
ferromagnetic  resonance  frequency,  f.c.,  u  >>  |  y  j  and  if  m  >  Aw  M» 
I  y  |,  then  this  frequency  dependence  Is  much  reduced,  as  shown  by  the  ex¬ 
pansion 
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In  practice  it  is  usually  possible  to  achieve  both  of  the  above  conditions; 
however,  this  alone  does  nut  insure  a  broadband  device.  Frequency  limita¬ 
tions  still  uri.sie  when  one  attempts  to  produce  the  Faraday  rotation  in  a 
waveguide  having  frequcncy^scnsltivc  propagation  characteristics,  Faraday 
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roUtori  are  usually  bulk  using  a  rod  of  ferrite  in  a  circular  waveguide.  The 
guide  wavelength  hie  a  strong  frequency  dependence  in  the  dominant-mode 
operating  region.  Additional  moding  and  reflection  problemi  can  occur  be¬ 
cause  of  the  high  dielectric  constant  of  the  ferrite  rod.  Mcreoveri  if  the  ferrite 
rod  is  too  large  in  diarieter,  then  dielectric  waveguide  effects  will  occur  for  the 
negative  circularly  polarised  wave  at  some  point  In  the  operating  range.  These 
difficulties  may  be  largely  overcome  by  using  a  small -diametor  ferrite  rod  and 
a  broadband  waveguide  structure  such  as  a  quadruply  ridged  circular  wave¬ 
guide  operated  in  a  region  where  it  has  little  frequency  dependence. 

2S.?,S,2  Resonance  Abiorptton  hohiior»  In  its  almplect  form,  the 
resonance  isolator  consists  of  a  thin  slab  of  ferrite  placed  in  the  R-p!lane  of  a 
rectangular  waveguide  approximately  a  quarter  of  the  way  across  the  guide. 
The  slab  Is  magnetised  transversely,  f.s.,  with  the  magnetic  fleld  perpendicular 
to  the  direction  of  guided  wave  propagation.  There  are  bandwidth  limita¬ 
tions  on  both  the  isolailon  and  insertion  lou. 

The  limitation  on  the  Isolation  bandwidth  is  that  the  ferrite  must  exhibit 
ferrimagnetic  resonance  over  as  broad  a  band  as  pouibie.  The  use  of  large 
linewidth  materials  and/or  the  use  of  nonhomogeneous  static  magnetising 
fields  is  a  simple  and  adequate  solution  to  this  part  of  the  problem. 

The  limitations  on  the  bandwidth  of  the  insertion  is  more  complicated.  If 
the  waveguide  fields  are  A|*  transverse  to  the  slab  and  along  the  slab,  for 
circular  polarisation  to  exist  In  the  ferrite  requires 
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It  if  seen  that  positive  anu  negative  circular  polarisation  will  exist  lU  the 
same  point  only  at  the  single  frequency  for  which  n  ==  0.  Therefore,  in 
genera),  maximum  isolation  loss  and  minimum  insertion  lou  occur  for  dif¬ 
ferent  geometries. 

In  broadband  Isolator  design,  the  geometry  can  be  chosen  to  give  either 
minimum  insertion  loss  or  maximum  Isolation  loss.  The  former  is  used  for 
isolators  requl''ing  low  insertion  loss  and  moderate  isolation.  Although  isola¬ 
tion  is  not  maximized,  It  can  be  made  reasonably  hi'ih.  Designing  for  maxi¬ 
mum  Isolation  may  be  done  In  narrowband  isolators  and  in  broadband  units 
for  which  minimum  length  and  a  maximum  isolation  are  more  important 
than  minimum  insertion  loss. 

In  the  unloaded  waveguide  the  dominant  mode  fields  are  characterised  by 
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Combining  Eq.  (24),  for  the  condition  of  low  inMrtion  lose,  with  Eq.  (25) 
yitidi 


^  j.  K  ^  -  ‘‘n  (»*/«) 

To  broad  band  tha  low  insertion  loss  of  this  type  of  Isolator  requires  a 
relation  of  this  form  to  hold  over  as  broad  a  frequency  range  u  possible. 
Note  that  frequency  limitations  arise  from  both  the  characteristics  of  the 
waveguide  (the  right-hand  side  of  the  equation)  and  those  of  the  ferrite  (the 
left-hand  side  of  the  equation).  The  left-hand  side  of  the  equation  has  very 
little  frequency  dependence  In  the  region  of  resonance  and,  hence,  the  main 
bandwidth  limitation  on  the  Insertion  Iom  Is  the  fact  that  the  polarisation  of 
the  rf  magnstic  held  Is  very  frequently  dependent. 

A  solution  Is  to  use  a  broadband  waveguide  structure  far  above  Its  cutoff 
frequency  so  that  the  ratio  of  to  A/  changes  slowly  with  frequency. 
Several  types  of  broadband  waveguide  have  been  used,  Including  double- 
ridged  guide.  A  particularly  uieful  structure  b  a  waveguide  loaded  with  a 
dielectric  In  such  a  manner  u  to  broad  band  the  waveguide.  If  the  dielectric 
dimensions  are  properly  chosen,  the  correct  elliptical  polarisation  will  be 
generated  in  the  vicinity  of  the  dielectr'r  and  the  ferrite  can  be  placed  In  the 
region  of  proper  polarization.  The  dielectric,  in  addition  to  keeping  the  Acids 
relatively  Axed  In  position,  serves  two  other  purposes  ^  It  concentrates  the 
energy  propagating  In  the  waveguide,  and  It  reduces  the  waveguiile  im¬ 
pedance.  Both  of  these  effects  Increase  the  relative  magnetic  Aelds,  and  thus 
sIgniAcantly  higher  isolations  reeult  than  the  same  amount  of  ferrite  would 
produce  without  the  dielectric. 

28.7.4  High  Power 

In  general,  the  limitation  on  the  average  power  level  arises  from  the  fact 
that  losses  in  the  ferrite  must  appear  as  heat  and  the  ferrites  are  poor  thermal 
conductors.  Thus  the  heat  is  not  easily  dissipated  and,  If  excessive  power  is 
lost  In  the  ferrite,  the  tem()erature  will  increase  toward  the  Curie  temperature 
of  the  ferrite.  The  device  characteristics  deteriorate  rapidly  as  this  temper¬ 
ature  Is  approached.  The  Curie  temperature  of  ferrites  now  In  use  ranges 
from  slightly  above  room  temperature  to  approximately  600*C.  Methods  of 
overcoming  the  high  power  limitition  are  to  use  materials  having  high  Curie 
temperatures  and  to  provide  improved  means  for  cooling  the  ferrite.  Cooling 
can  be  accomplished  by  placing  the  ferrite  agalnit  metal  walls  and  by  using 
forced  air  or  liquid  cooling. 

The  power  limitation  may  enter  In  neveral  ways.  In  devicM  such  as  cir- 
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culaton,  gymton,  and  off-reionance  iioUton,  in  which  tha  ferrite  le  not  at 
the  ferrontagnetic  rteonant  frequency,  the  ferrite  dUiipatca  a  amal!  fraction 
of  the  tranimitted  power,  In  aome  caaea  the  loae  due  to  dielectric  and  tnai- 
netic  ioasea  in  the  ferrite  can  be  nsade  aa  lew  u  C.l  db.  If  it  It  asauared  that 
the  ferrite  ia  able  to  diaaipate  250  watta  without  overheating  and  the  load 
VSWR  ia  2,  then  the  device  ahould  be  capable  of  tranamitting  10  kw  average 
power. 

In  reaonance  abaorption  iaoUtora  the  high  power  limitation  ia  rather  aevere 
alnce  both  the  inaertion  loea  and  the  iaolation  loaa  muat  be  dlulpated  in  the 
ferrite,  lliua  the  amount  of  average  power  which  thla  type  of  device  can 
liandle  depends  not  only  on  the  insertion  loss  but  alao  on  the  maximum 
VSWR  of  tha  load.  For  instance,  aaauming  u  above  an  insertltm  loos  of  01 
db,  a  load  VSWR  of  2  and  a  maximum  dlasipatlon  in  the  ferrite  of  250 
watta,  the  Isolator  ia  capable  of  transmitting  only  1 ,9  kw  average  power. 

There  also  are  limitations  on  the  peak  power  which  have  not  as  yet  been 
investigated  thoroughly.  A  major  consideration  ia  the  nonlinearites  of  the 
ferrite  properties  at  very  high  values  of  rf  field  strengths.  Since  microwave 
ferrites  are  good  dielectrics,  the  breakdown  limiutlon  normally  Is  not  much 
worse  than  that  of  the  waveguide  structure  in  which  it  is  placed.  However, 
field  distortions  can  cause  localised  high  electric  fields. 

Much  work  has  been  done  to  reduce  all  of  the  llmtatloni  which  have  been 
described.  Considerable  progreu  has  been  made,  which  has  increased  the  use¬ 
fulness  of  ferrite  devices  for  ECM.  Some  examples  are  givon  in  the  following 
section. 


28.8  Appliratlons  to  ECM 

Some  sim|)le  examples  of  the  use  of  ferrite  devices  in  ECM  are  illustrated 
in  Figure  28-44.  Part  a  shows  a  problem  which  may  arise  from  attempts  to 


Fiuukk  2fi«44  Typtcil  requiremcnti.  (fl)  Trtniniitter;  (6)  receiver. 
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improve  the  veriatitlty  ot  tn  ECM  transmittins  lystem.  Here  it  U  detired  to 
have  either  of  two  tranimittcirii  operating  into  a  common  aotenna.  It  ii  a»- 
sumed  that  indlvidu^J  transmitting  tubes  do  not  have  sufficient  tuning  range 
to  cover  the  frequency  range  required.  In  order  to  perform  the  desired  func¬ 
tion,  It  b  necessary  to  have  a  nilcrowave  switch.  Tlie  sskitch  should  provide 
a  low  attenuation  path  from  the  operating  tube  to  the  antenna  and  higlL  at¬ 
tenuation  path  back  into  the  nonoperating  tube.  It  should  be  electronically 
controllable  and  should  be  switchable  at  fairly  fast  switching  rates.  If  the 
tube  characteristics  are  sensitive  to  their  loading,  isolation  of  the  tubes  from 
the  rest  of  the  circuit  also  may  be  required.  The  ideal  isolator  has  low  at- 
tenuatioh,  or  insertion  loss,  for  the  forward  direction  and  large  attenuation, 
for  isolation,  for  the  reverse  direction.  The  isolator  must  be  capable  of  hand¬ 
ling  the  output  power  of  the  transmitting  tubes  and  must  have  a  bandwidth 
at  least  equal  to  the  frequency  range  of  operation,  or  be  tunable  over  this 
range. 

Figure  28-448  shows  an  example  of  a  countermeasures  receiver  application. 
It  is  assumed  that  the  local  oscillator  output  hu  undesirable  amplitude  varia¬ 
tions.  The  amplitude  regulator  ihould  reduce  these  variations  to  a  small 
value  over  the  entire  frequency  range  of  operation  so  that  the  input  to  the 
mixer  remains  relatively  constant.  It  may  be  necessary  to  have  a  tunable  filter 
to  avoid  the  ambiguity  of  image  signals.  A  bandpass  filter  with  high  attenua¬ 
tion  at  the  Inmge  frequency  Is  preferred,  but  a  band  rejection  Alter  to  elim¬ 
inate  the  image  might  be  utills^.  An  isolator  also  may  be  needed  to  prevent 
local  CKillator  radiation  which  might  reveal  the  location  of  the  receiver  to 
enemy  forces.  Such  an  isolator  would  require  low  attenuation  for  Incoming 
signals.  A  bandwidth  of  up  to  an  octave,  or  even  grMter,  may  be  required. 

Figure  28-45  Illustrates  schematically  another  systems  problem  in  which 
there  are  many  transmitters,  each  driving  one  element  of  an  antenna  array. 
It  is  desired  to  provide  controllable  phase  shift  in  the  various  antenna  ele¬ 
ments  in  order  to  control  the  antenna  pattern. 

All  of  the  microwave  control  device  problemi  Illustrated  above  can  be 
approached  by  utilising  the  properties  of  special  materials.  In  some  cases, 
this  is  the  only  approa^^  to  achieving  a  solution.  Some  examples  of  s;)eclfic 
results  will  now  be  given. 


28.8.1  Broadband  Low  Power  Isolators 

One  of  the  major  advances  in  adapting  ferrite  devices  to  the  ne«ds  of 
ECM  has  been  the  development  of  techniques  for  broadband  ferrite  iso¬ 
lators.  It  is  now  possible  to  get  isoktorii  covering  full  waveguide  bandwidths, 
approximately  50  per  cent,  from  S-band  through  K-band.  Isolators  having 
approximately  octave  band  coverage  are  available  from  L-band  to  X-btnd. 
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ftQVt^t  33-45  SyiUmi  requirtmint  for  tlKtronlcAlly  controUftblo  micro wtv«  phftM 
ihlfttrt.  T  a  tranimUttr.  #  =:  tkcironlcilly  controlkd  phiN  ihiftfr.  A  ts  element  jf 

intenne  arriy. 

Theie  advance#  have  been  nude  from  a  '^ctate  of  the  art’’  of  approximately 
1C  per  cent  bandwidth  In  ferrite  devices  in  lets  than  four  years.  Some  of  the 
techniques  developed  can  be  applied  also  to  other  devices. 

Some  typical  examples  of  broadband  wavegulds  isolator  characteristics  for 
G,  Jt  and  X-band  are  shown  in  Figures  28-46,  2847,  and  28-48.  Characteris¬ 
tics  of  coaxinl  line  Isolators  In  L  and  S  band  are  shown  in  Figures  28-49  and 
28^50.  1'heie  data  are  all  for  dielectric  loaded  resonance  type  Isolators. 


28.8.2  Droadhat^d  Hii|h  isolators 

Coaslderatlons  of  heat  cissipatlon  generally  predominate  In  the  design  of 
high  power  isolators.  These  conditions  usually  require  configuration  different 
from  those  giving  optimum  performance  at  low  power.  Nevertheless  some  of 
the  techniques  used  in  bruadbanding  low  power  Isolators  also  can  be  utilised 
at  high  power. 

The  fierformance  characteristics  of  a  broadband  high  power  resonance 
Isolator  are  shown  in  Fig.  28-51.  At  milliwatt  input  power,  the  isolation  ex¬ 
ceeds  20  db  over  most  of  the  800  me  bandwidth  felling  to  19  db  at  the  low 
frequency  band-edge.  For  a  simulate  I  Input  power  of  3200  watts  and  load 
VSWR  of  2,  i.e.,  800  watts  absorbed,  the  Isolation  Is  still  greater  than  15  db 
except  for  the  one  point  at  band  edge.  The  full  capacity  of  this  type  of 
isolator  exceeds  the  values  shown. 


FERROELECTRIC  DEVICES 


38=43 


ia-< 

1 

f  '  1 

1  J  J 

1 

— -f 

1  -  U  i 

lllu 

Fiours  21-46  Brotdband  WRvtguidc  Uo- 
litor  ch«rtctRriitlci|  0-band. 


Figure  21-47  Brocriband  wavcguid*  Im- 
tator  charartarUtici,  J-band. 


Figure  2i-4M  Broadband  wavigulds  lio-  Fioure  26-49  Broadband  coaxial  line  Iso¬ 
lator  f.'haracterlitlcs,  X-band.  la  tor  charaete^Utlcs,  S  J-2.1  kmc. 


Fioure  2H-50  Broadband  coaxial  Unc  Uo' 
lator  characterlMIcf,  2-4  kmc. 
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rRtCUfiMCY-  KMC 


Fiouu  2S-5i  PcrformtDc*  d«U  (or  ft  hl|h-powtr  loftd  lioUtor  ui4ng  Nio  TCuo.sMno  oi 
Ktt,M04  and  nickel  (trHta,  Fmoxcubc  106. 

28«8.3  Broadband  Amplitudo  Regulalor 

An  elect ronlcfilly  controlltble  microwave  ftttenuAtor  uliliiltvi  the 
held’'  magnetic  loai  characterUtIa  of  ferrit«i  has  been  developed  to  regoUte 
the  output  of  microwave  source  to  a  small  variation  over  a  2-t>l  frequency 
range.  Figure  28-52  shows  typical  results  with  the  ferrite  attenuator  placed  be- 
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riuuaa  2S-52  Regulation  of  mixer  cryttnl  curiRnt. 
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tw^en  the  local  ojiclllator  and  the  mixer.  The  owlllator  was  the  French  CSF 
CO-127,  and  the  n  *xcr  was  a  broadband  coaxial  mixer.  The  upi>er  curve 
shows  the  crystal  t  ent  v(*.*latlon  with  a  fixed  20  db  pad  used  between  the 
local  oscillator  and  the  mixer.  Varintions  close  to  20  db  are  indicated.  Th«* 
lower  curve  shows  the  mixer  current  variation  remaining  when  the  fixed  puJ 
was  replaced  by  the  ferrite  attenuator,  and  the  feedback  loop  was  closed,  The 
deviations  from  the  relatively  flat  response  occurred  when  Input  variations 
exceed  the  dynamic  range  of  the  attenuator.  The  particular  ferrite  regulator 
used  was  desigr^ed  for  a  15  db  dynamic  range. 

The  attenuator  r)nslsti  of  a  ferrite  sleeve  mounted  In  a  coaxial  line  and 
transversely  maKnetised  by  a  small  electromagnet.  Its  size  is  less  than  2 
inches  cubed;  it  weighs  less  than  12  ounces. 

28.6.4  Bruadband  Microwave  Switch 

Various  types  of  microwave  switches  have  been  develo|)cd  using  ferrites. 
One  type  that  is  capable  of  giving  broadband  ojrerallon  utilizes  two  broad¬ 
band  coaxial  line  couplers  and  a  broadband  switchable  ferrite  phase  shifter. 
Developmental  mwJels  of  such  a  switch  have  been  operated  over  octave 
bandwldths.  In  principle,  it  should  be  possible  to  get  full  octave  frequency 
coverage. 

28.B.5  Broadband  Controllable  Phase  Hhiftcra 

'rhe  same  techniques  u.Hcd  to  give  broadband  switchable  phase  shift  can 
be  used  to  obtain  continuously  variable  phase  shift.  Developmental  model?' 
have  been  ojujrated  over  greater  than  Yi  octave  with  figures  of  merit  ex¬ 
ceeding  1 50  degrees  per  db  loss. 

28.8.6  General  Commenta 

The  above  examples  Illustrate  only  a  few  of  the  many  possible  applications 
of  ferrites  to  ECM.  Although  in  principle  all  of  the  devices  mentioned  in 
Section  HI)  could  be  used  in  E(*M,  the  actual  use  so  far  has  not  been  great. 
This  has  been  due  in  part  to  the  limitatlon.H  discussed  in  the  Section  HE. 
'rhe  lewness  of  the  entire  field  of  ferrite  devices  leaves  many  IniiHjrtanl  de¬ 
vices  still  in  developmental  stages.  Another  contributing  factor  is  (hut  sy.*'.tems 
engineers  often  arc  not  cognizant  of  the  newer  dcvelopnients  or  may  lie  un¬ 
willing  to  use  them  until  their  utility  Is  proved.  Ht)wever,  with  Improving 
•echnology  and  Increasing  awareness  by  systems  engineers  of  the  potential 
in  this  field,  the  future  uses  of  ferrites  in  E('M  should  increiuse  significantly. 

///•  Kli^vtronivt 

28.9  Fuiidainentui  C^baracterUtlee 

I’seful  microwave  characteristics  can  be  obtained  from  interactions  of 
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microwave  lignals  with  free  electroni.  In  the  absence  of  collUlcriS  these 
interactions  are  entirely  reactive,  with  the  electron  motion  lagging  the  micro- 
wave  electric  field  by  90*.  In  the  presence  of  a  gas,  in  which  collisions  be¬ 
tween  electrons  and  neutral  gas  atoms  are  assumed  to  act  as  a  continuous 
viscous  damping  force,  Newton^s  second  law  of  motion  may  be  written 

^  ^  ^E,i  exp  )oji  rs;  —  Ef  (28-27) 

whete  m  =r  mass  of  the  electron 
V  electron  velocity 

r  r:  damping  parameter  due  to  collisions 
—  c  =  charge  on  electron 

M  angular  frequency  of  the  microwave  signal 

E  =  Ell  exp  }m'  =  microwave  electric  Held 

Assuming  the  dttmi)ing  parameter  r  Is  a  constant  independent  of  velocityi 
the  electron  drift  velocity  determined  from  Eq.  27  Is 

V  =  cE/i>  i  jutm)  (28-28) 

The  current  density  is  drift  velocity  multiplied  by  the  electron  number 
density  n  and  the  charge  on  a  single  electron. 

J  —  nev  =  (r  I  jium)  (28-29) 

11ic  complex  conductivity  <r,,  ===  ttr  I  )  irt  is 

itr  =:  J/E  i  (28-30) 

Note  that  the  conductivity  is  directly  proportional  to  the  electron  density. 
Equation  30  has  the  same  form  as  the  admittance  of  a  resistive-inductive 
(RL)  scries  circuit.  It  Is  well  known  that  maximum  power  is  transferred  to 
such  u  circuit  when  R  —  wA.  Similarly,  maximum  power  Is  transferred  to 
I  he  electrons  when  r  =  mw,  If  r  :=r  wiv»  tv  is  the  collision  fre(|uency  of  elec¬ 
trons  and  gas  utonrs,  the  maximum  power  is  transferrei!  when  w  =  i,  3‘‘or 
helium,  iv  Is  approximately  2..1  X  lO”  where  p  is  the  pressure  In  mlllimeUr 
of  mercury. 

Any  useful  device  based  on  interactions  of  electrons  and  microwave  fields 
must  provide  a  method  of  producing  the  necessary  electrons  and  must  give 
consideration  to  electron  lo.^s  mechanisms.  A  rigorous  analysis  would  have  to 
consider  both  the  particle  distribution  and  the  energy  distribution. 
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2B.9.1  Electron  Loii9  Mechwiiitins 

The  major  mechfinlsms  for  Iom  of  electrons  ore  diffusion,  attachment  and 
recombination, 

Diffusion  is  the  random  scatter  of  porticles  away  from  a  region  of  concen¬ 
tration.  The  characteristic  diffusion  equation  is  obtained  by  combining  an 
equation  relating  the  current  density  to  the  particle  density  gradient  with  the 
equation  of  particle  continuity.  Diffusion  losses  predominate  ever  a  wide 
range  of  practical  conditions.  They  normally  are  characterized  by  a  para¬ 
meter  A,  CL.lied  the  characteristic  diffusion  length,  which  is  a  measure  of  the 
size  of  the  container.  When  the  density  is  high  the  electrons  and  ions  will 
diffuse  with  essentially  the  same  velocity,  a  condition  known  aa  ambipolar 
diffusion. 

The  phenomenon  of  electron  attachment  to  a  neutral  atom  is  a  common 
occurren  e  for  gases  whose  outer  electronic  shells  are  nearly  hllcd.  The 
measure  of  the  ease  with  which  an  electron  can  attach  to  a  neutral  atom  or 
molecule  Is  given  by  the  electron  affinity  energy.  For  those  gases  which 
exhibit  fttachment  this  varies  from  about  4  volts  (for  gases  like  F  and  Og) 
to  nearly  zero.  It  is  negative  for  thoTrC  which  du  not  inert  to  extra-atomic 
electrons.  These  atoms,  which  have  ^So  ground  states,  include  the  noble  gases. 
Since  noble  gases  would  normally  bti  used  In  building  a  device,  the  effects  of 
attachment  can  often  be  neglected.  However,  electron  attachment  to  impurity 
atoms  can  be  of  great  practical  importance.  Also  of  practical  importance  is 
the  UBe  of  attnehing  gases  to  speed  up  the  removal  nf  electrons  in  some  ap¬ 
plications,  such  as  TR  tubes  or  other  microwave  switches. 

Another  common  loss  mechanism  is  the  recombination  of  negative  ions  and 
electrons  with  positive  ions  to  form  neutral  atoms.  If  the  positive  and  nega¬ 
tive  particle  concentrations  are  equal,  which  Is  true  in  almost  all  gas  dis¬ 
charges,  this  mechanism  exhibits  a  linear  relationship  between  the  recipr^Kal 
of  partical  density  and  time.  It  can  piedomlnate  under  high  pressure  and 
high  electron  density  conditions.  If  true  electron  ion  recombination  is  occur¬ 
ring,  the  recombination  coefAclent  characterizing  the  process  should  be  es¬ 
sentially  independent  of  pressure. 

2B.9.2  Mick'owavo  Dreakdowtt 

In  a  high  frequency  gas  discharge  breakdown,  the  primary  ionization  due 
to  the  electron  motion  is  the  only  production  phenomenon  which  controls 
the  breakdown,  and  fur  this  reason  It  Is  the  simplest  tyt)e  to  consider.  The 
calculated  vnlue  fur  the  maximum  kinetic  energy  In  the  oscillatory  motion  of 
an  cleft r«)n  at  ihe  minimum  Held  intensities  for  breakdown  (evperlnientally 
(ietermined)  corresponds  to  about  lO  volt.  It  is  therefore  ol>vious  that  the 
energy  of  oscillation  Is  insufriciml  to  account  for  breakdown. 
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As  noted  &bove,  a  free  electron  In  a  vacuum  under  the  action  of  an  alter¬ 
nating  electric  Held  oscillates  with  Its  velocity  90*  out  of  phase  with  the  held» 
and  thus  takes  no  power,  on  the  average,  from  the  applied  held.  The  electron 
can  gain  energy  from  the  held  only  by  suffering  coliUlons  with  the  gas 
atoms,  and  it  does  so  by  having  its  ordered  oscillatory  motion  changed  to 
random  motion  on  collision.  The  electron  gains  random  energy  on  each  col¬ 
lision  until  it  is  able  to  make  an  inelastic  or  ionising  cclHsion  with  a  gas 
atom.  The  fact  that  the  Mectron  can  continue  to  gain  energy  In  the  held,  on 
the  average,  despite  the  fact  that  It  may  either  move  with  or  against  the 
held  can  be  seen  b\  noting  that  the  energy  absorbed  is  pro[}ortlonal  to  the 
square  of  the  electric  held  and  hence  Is  independent  of  Its  sign. 

A  gas  subjected  to  high  frequency  electric  helds  will  break  down  and  be¬ 
come  conducting  when  the  number  of  electrons  produced  per  second  becomes 
equal  to  or  greater  than  the  number  of  electrons  lost  per  second  The  produc¬ 
tion  mechanism  In  a  high  frequency  discharge  Is  Ionisation  within  the  body 
of  the  gas.  The  important  loss  mechanisms  are  diffusion,  attachment  and  re¬ 
combination  as  discussed  above,  with  diffusion  predominating  under  a  wide 
variety  of  experimental  conditions.  However,  diffusion  theory  will  not  apply 
where  the  electron  mean  free  path,  the  average  distance  between  collisions, 
Is  comparable  to  the  dimenfions  of  the  container.  Another  limit  on  the  dif¬ 
fusion  mechanism  occurs  when  the  electron  oscillation  amplitude  becomes  so 
great  that  the  electrons  would  hit  the  walls  on  each  cycle. 

Other  methods  of  providing  a  source  of  electrons  Include  thermionic  emis¬ 
sion  and  gas  discharges  produced  by  direct  current, 

^8.9.3  PropMgatloii  Ch«r«rU*ristlrs  3n  the  I’reM^nce  of  an  Applied 
Magnetic  Field 

Free  electron.^  In  a  magnetic  field  constitute  a  dispersive  medium.  Elec¬ 
trons  are  constrained  to  move  In  spirals  around  the  magnetic  held  lines  at  the 
cyclotron  frequency  w.  =■  eli  me.  If  a  high  frequency  electric  field  perp-n- 
dlcidar  to  the  magnetic  field  oscillates  at  the  cyclotron  frequency,  the  clec- 
tron.s  move  In  pha.se  with  the  electric  field  and  they  gain  energy  from  It  con¬ 
tinuously.  When  the  frequency  of  the  impressed  field  i.s  different  from  the 
cyclotron  frequency  the  electron  motion  Is  alternately  In  and  out  of  phase 
with  the  field  so  the  electrons  alternately  gain  and  lose  energy;  the  electrons 
have  a  large  reactive  Interaction  with  the  field  but  iqiin  nr)  energy  from  It. 
The  dielectric  constant  of  the  medium  de|KUul»'  on  the  electron  density  and 
on  the  relative  frequency  of  the  propagating  signal  and  the  cyclotron  orbital 
motirm.  As  the  dielectric  constant  varies,  the  wavelength  In  the  medium 
varies  and  hence  also  the  phiise  of  the  signal  that  has  passed  through  the 
medium. 
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When  the  electrons  ire  obtained  by  ionizing  a  gu  they  have  colHsloni  with 
electrons  and  other  particles  which  tend  to  disorder  their  motion.  Each  colli¬ 
sion  represents  an  exchange  of  energy  which  results  in  an  attenuation  of  the 
microwave  ilgnal  propagating  through  the  medium.  At  modest  electron  den¬ 
sities  most  of  the  collisions  take  place  l^etween  electrons  and  neutral  mole¬ 
cules  at  a  rate  determined  by  the  collision  frequency  which  in  turn 
depends  largely  on  the  pressure  and  type  of  gas.  Hence  the  collision  frequency 
and  indirectly  the  gas  pressure  and  type  of  gas  determine  the  attenuation  of 
the  propagating  signal. 

The  presence  of  the  applied  static  magnetic  held  to  a  gas  plasma  creates  an 
electrical  anisotropy  which  manifests  itself  In  the  current  vector.  Under  small 
signal  conditions  and  a  plasma  containing  a  small  percentage  ionization  this 
may  be  represented  by 


Jni|rr|*E  (28-31) 

where 

/if  -)K  0\ 

\tf\  =  UA:  rr  0  (28-32) 

\0  0  ifj 

Neglecting  loss,  f.e.,  a.ssuming  h,  =  0, 

If  —  w^)  (28-33) 

A’  =  ■“  ;(«rVwr)»v/wr**  ““  w")  (28-34) 

Please  note  that  ihest-  tensor  elements  nave  the  same  mathematical  form, 
with  the  same  kind  of  dependence  on  frequency,  as  those  of  the  susceptabll- 
Ity  tensor  for  a  ferrite  given  in  Equations  4  and  5  of  Section  11  A.  This  Is 
seen  more  clearly  if  one  relates  uj,,  to  yHo  and  compares  tr  and  K  with  k  and 

*• ,  (•-■» nf*  I . ..•*»  • 

The  propagation  equation  Is 

V  X  V  X  E  "" -  0  (28-35) 


where 


|f|  •«(/  j'^A»«n)  uiul  /  =  unit  diiigonu!  tensor  (28-36) 


Note  that  this  is  the  same  mathematical  form  in  E  and  the  dielectric  tensor 
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c  AS  for  A  &nd  the  permeability  tensor  ^  In  Eq,  8  of  Section  I!A.  Therefore  I 
the  formal  solution  for  the  propagation  constant  also  Is  the  same.  This  dem-  | 

onstrates  a  complete  analogy  between  propagation  In  anisotropic  gas  I 

plasmas  and  propagation  In  a  ferrite  media.  I 

A  simpliHcd  comparison  of  these  media  is  made  in  Figure  28  S3.  Both  of 
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these  media  derive  their  useful  microwave  properties  from  Interactions  of  the 
microwave  signals  with  electrons  in  the  media.  In  the  cue  of  the  ferrite  these 
Interactions  are  with  precessing  bound  clectrcnSi  while  In  the  case  of  the  gas 
discharge  the  Interactions  are  with  planetary  free  electrons.  In  both  cases,  the 
natural  frequency  of  electron  motion  is  directly  proportional  to  an  effective 
magnetic  held,  and  In  simplified  cues  the  constant  of  proportionality  is 
exactly  the  same.  The  dispersive  parameter  for  the  ferrite  is  the  permeability 
and  for  the  gas  discharge  the  conductivity  or  dielectric  constant.  In  the 
simplest  case.*,  the  tensor  permeability  and  tensor  conductivity  have  the  same 
tensor  form.  From  the  application  standpoint,  it  is  important  to  recall  that 
in  the  case  of  the  ferrite  media  the  coupling  Is  to  the  rf  magnetic  field  and 
in  the  ca.‘^  of  the  gu  discharge  the  coupling  Is  to  the  rf  electric  field.  Since 
the  natural  frequency  of  motion  Is  circular,  the  interaction  In  both  cases  will 
l>e  greate.Ht  if  the  frequerxy  uf  the  microwave  signal  coincides  with  the 
natural  resonance  frequency  and  if  the  microwave  signal  is  circularly  polar¬ 
ized  in  the  same  direction  as  the  electron  motion.  In  both  cases,  large  reso¬ 
nance  absorption  will  occur  when  the  frequencies  coincide  and  large  dis¬ 
persive  effects  will  occur  in  the  vicinity  of  resonance. 

2B>]0  Microwavi^  Applications 

The  UHc  of  Ionized  gases  in  the  control  of  guided  microwaves  is  practically 
as  old  as  guided  microwaves.  The  most  obvious  example  is  the  tul)e  known 
as  a  transtnit  receive  tube  or  TR  tube  which  is  In  u.hc  in  radar  systems.  In 
such  u  tube  the  Incoming  high  power  rf  signal  causes  the  gas  in  the  tube  to 
break  down  across  u  gap  and  change  the  Impedance  of  the  gap  In  sveh  a  way 
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fts  to  protect  some  cQinponent  on  the  other  Bide  of  the  tube  from  the  high 
power  ifgnal  which  causes  the  breakdown.  Gas  dlKharges  have  been  used  as 
noise  sources  at  microwave  frequencies.  These  better  known  applications  of 
gas  discharges  will  not  be  discussed  here. 

The  piopertles  of  gas  plasmas  under  the  influence  of  an  external  applied 
magnetic  fleid  are  particularly  Interesting  for  microwave  applications.  By 
utilising  the  Interaction  of  electrons  In  cyclotron  orbits  with  microwave  flelds 
oscillating  at  or  near  cyclotron  »esonance,  wide  ranges  of  reactive  or  resistive 
impedances  can  be  obtained.  The  impedance  changes  depend  on  the  typs  of 
gas  used  and  on  such  parameters  as  electron  density^  electron  collision  fre¬ 
quency  (related  to  gas  pressure),  and  difference  between  the  signal  frequency 
and  electron  cyclotron  frequency.  Since  the  propagation  constant  has  the  same 
form  as  for  the  ferrite,  the  seme  application  principles  apply  and  in  principle 
all  the  types  of  devices  dcscril)ed  in  Section  28.6  should  be  achievable  by 
gaseous  electronics  techniques. 

28.10.1  Fareday  Rotation 

By  applying  a  longitudinal  magnetic  Held  to  &  gas  plasma  confined  in  a 
circular  waveguide,  rotation  of  a  linearly  polarized  microwave  signal  can  be 
produced  Just  as  in  the  case  of  a  ferrite.  Figure  28-54  lllustrutes  the  magneto- 
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rotation  of  TEn  linear  polarized  waves  through  a  neon  plasma  as  a  function 
of  magnetic  held  for  various  gas  pressures.  It  Is  apparent  that  an  Increase  in 
the  electron  collision  frequency  (corresponding  to  an  increase  in  gas  pressure) 
reduces  the  amount  of  rotation  obtainable  with  a  given  value  of  nriagnctic 
Aeld.  However,  for  the  smaller  pressures  sufficient  rotation  is  obtained  to  be 
usable  for  microwave  applications.  That  this  has  not  been  utilized  to  a 
greater  extent  the  case  is  due  largely  to  the  practical  problems  of  achieving 
stable  operation  and  adequate  life. 

28.10f2  High  Power*  Broadband  Microwave  Gas  DIacharge  Switch 

An  application  currently  under  development  specifically  to  meet  ECM  re- 
quiren  ents  is  directed  toward  achieving  a  high  power  microwave  switch  by 
uMllzlng  magnetic  field  control  of  the  gu  breakdown  conditions.  In  Its 
i.  ..ptest  form,  the  switch  tube  consists  of  a  section  of  S-band  rectangular 
waveguide  sealed  off  at  both  ends  with  vacuum  windows  and  containing  a 
rare  gas  or  mixture  of  rare  gases  at  a  pressure  of  the  order  of  a  tenth  of  a 
millimeter  of  mercury. 

The  tube  is  'fired'  by  the  Incident  miciowave  power,  In  a  time  of  the  order 
of  one  hundredth  of  a  microsecond,  when  the  proper  magnetic  field  Is  ap¬ 
plied  to  it.  The  resultant  high  electron  density  of  the  plasma  acts  like  a  short 
circuit  at  the  Inside  surface  of  the  Input  window.  When  the  applied  magnetic 
field  is  zero  or  sufficiently  small,  the  tube  is  'unfired'  In  the  presence  of  the 
incident  microwaves  and  acts  like  a  low-loss  section  of  waveguide.  Thus,  the 
'on-off'  action  of  the  tube  can  be  controlled  by  varying  the  magnitude  of  the 
applied  magnetic  field. 

The  tube's  operation  Is  based  on  the  phenomenon  of  electron  cyclotron 
resonance.  An  electron  in  a  static  magnetic  held  spirals  around  the  flux  line.s 
at  the  electron  cyclotron  frequency.  When  a  magnetic  field  is  applied  In  a 
direction  perpendicular  to  the  electric  field  in  the  switch  tube»  two  principle 
effects  occur.  First,  the  energy  transferred  from  the  electric  field  to  an  elec¬ 
tron  exhibits  a  sharp  resonance  when  the  cyclotron  frequency  coincides  with 
the  angular  frequency  of  the  microwaves.  The  magnetic  field  for  which  this 
(Kcurx  is  called  the  cyclotron  resonant  field  or  B,.  and  has  a  value  of  around 
1200  gauss  at  S'band.  Secondly,  the  electron’s  diffusive  motion  transverse  to 
the  magnetic  field  is  retarded.  These  two  effects  determine  the  breakdown 
power  vs.  magnetic  field  characteristics  upon  which  the  design  of  the  switch 
tube  depends. 

Figure  2H-55  shr>ws  a  typical  curve  of  breakdown  |)()wer  in  watts  peak  as  a 
function  of  magnetic  field.  I'hc  magnellt  field  parameter  In  the  graph  is 
normalized  to  unity  at  the  resonance  condition.  If  the  magnetic  field  is  not 
adjusted  for  resonance,  the  motion  of  the  electrons  (s  out  of  phase  with  the 
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microwftve  electric  field  during  some 
H  ^<.1  ■  ’  ponlonsof  their  orbits.  Under  recunance 

^  conditions,  electrons  rotate  around  the 

if.^  \  magnetic  flux  lines  at  the  same  fre- 

\«  afe  quency  as  the  microwave  electric  field 

\  \  I  and  can  gain  energy  continuously  from 

\  \  X  ,  It,  Hence,  at  cyclotron  resonance  there 

j  \  \  '  maximum  transfer  of  energy  from 

I  "  \  \  microwave  electric  field  to  the  elec- 

i'*  *  \  \  ^  trons.  At  sufficiently  low  pressure,  the 

energy  transfer  at  cyclotron  rc  onance 
can  be  of  the  order  of  10*  or  more 
It  •  •  times  that  at  aero  magnetic  field. 

switch  tube  Is  designed  so  that 

I  with  aero  applied  magnetic  field,  the 

j  ^ 

S  f'l  ti  u  M  -I  \\  power  required  for  the  gas  to  break 

^  down  Is  larger  than  the  source  p<iwer. 

Fum.*  Jii.55  Microwave  br..k<lown  Under  thc.se  conditions  an  Incl.lent 

power  VI  m.sncilc  field  In  triton,  Tube  pnlsc  does  not  produce  a  tllschiirgc 

l«nsth:  inch.  Pulic  width,  2  microwc-  and  the  switch  Is  'open'  cr  ‘unfired’. 

ondi,  PRK*  son  prr  wcond,  Frequency;  When  a  magnetic  field  near  cychttron 
MM  kmc.  H.field;  tr«n.ver.e.  rctionance  Is  applied,  the  power  re- 

quired  for  breakdown  is  much  i*ss  than  the  source  power  and  an  incident 
pulse  produces  a  strong  discharge.  The  resultant  high  density  discharge  acts 
like  a  short  circuit  and  the  switch  Is  'closed'  or  ‘fired'. 
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Figure  28-560  Illustrates  how  this  principle  may  be  used  to  alternately  switch 
two  transmitters  to  a  common  antenna.  With  transmitter  No.  1  (n  operation, 
It  is  desired  to  have  transmitter  No.  2  completely  isolated  from  the  circuit. 
Hencf;  the  switch  in  Arm  1  should  be  unfired  by  having  a  magnetic  field 
applied  which  is  removed  from  resonance  and  the  switch  in  Arm  2  fired  by 
biasing  to  resonance.  When  transmitter  No.  2  Is  In  operation,  the  reverse  Is 
required.  A  switch  of  this  type  has  laen  built.  Other  po.Hsible  configurations 
arc  Illustrated  in  Fig.  28-566,  r,  and  d.  These  configurations  permit  the  simul¬ 
taneous  operation  of  both  transmitters  with  the  power  from  the  unwanted 
transmitter  routed  Into  a  dummy  load.  For  configurations  b  and  c,  with  the 
switches  un fired,  the  unused  transmitter  Is  Isolated  irom  the  antetinu  by  only 
the  attenuation  of  the  coupler.  The  configuration  shown  In  d  permits  switch¬ 
ing  the  unused  transmitter  into  a  dummy  load  and,  in  addition,  Isolated  the 
untised  transmitter  from  the  antenna  l)y  the  full  attenuation  of  the  giis 
switch. 
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yiouRK  ;M-56  PoMlhlt  ftwltch  conflRuratloPi  («)  lUlinccil  rr.aitlc  tee  (or  rina  hybrid) 
•witch.  (6)  Baltnccd  ihorl-tJot  hybrid  (switch,  (c)  120*  E-pline  “Y”  iwitch,  id)  Cyclo- 
tron-rcBonant  kri  awltch  configuration.  SWl  and  SW2  are  iwitch  tuba  pain.  Ai  C,  and 
tJ  are  3-db  top*wiil  ihort*ilot  hybrid*,  and  L2  are  hlgh-puwrr  termination*.  U  a 

Inw.T.otver  termination. 


Switch  Stale  I 


irXl-aANT 

|r;ir2*^/.2 


Switch  Slate  II 


jrvi-all 

^rAr2-*ANT 


\  /SWl  Unfired 

I  ISWi  riied 


SWl  Fired 
SW:  Unflred 


28.10.3  Microwave  Phaae  5lhift 

Preliminary  investigations  have  been  made  to  determine  the  microwave 
pha.se  shift  that  can  be  produced  by  means  of  an  Ionised  gaseous  plasma. 
One  approach  Is  to  use  the  dispersive  propertL's  of  a  gas  near  cyclotron  reso- 
nu'ite.  !n  principle,  an  electronically  controllable  phase  shifter  can  be  made 
by  producing  free  electrons  in  some  structure  suitable  for  propagating  a 
microwave  signal  whose  electric  field  Is  iwrpendlcular  to  /n  applied  magnetic 
field.  The  dleleclilc  constant  of  the  medium  depends  on  the  electron  density 
and  on  the  relative  frequencies  of  the  propagating  signal  and  the  cyclotron 
orbital  nudlon.  As  the  dielectric  constant  varies,  the  wavelength  in  the 
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medium  varies  and  hence  also  the  phase  of  the  signal  passing  through  the 
medium. 

Coaxial  geometry  was  chosen  for  this  study  because  of  the  wide  range  of 
frequencies  It  will  transmit,  and  because,  with  two  separote  conductors  that 
can  be  used  as  electrodes,  It  also  offers  more  possibilities  for  creating  the 
electrical  diKharge.  The  basic  configuration  is  shown  In  Figure  28-57.  The  gas 


jKiuurx  Or*  diKhxrKP  phNM*Rhift 

coneguratlon. 


Fiourx  2S-SS  MlcroWRv«  phRM* 
•h!ft  utlHclnc  ffipctron  cyclotron 
rmontincc 


plasma  is  confined  between  the  inner  and  outer  conductors  uf  a  section  of  line 
and  the  magnetic  field  as  applied  longitudinally. 

Figure  2B-5H  shows  some  preliminary  experimenU]  measuremenU  of  the 
microwave  dispersion  in  S-band  for  a  microwave  diKharge  in  air.  The  results 
demonstrate  that  large  phase  shifts  can  be  obtained  when  the  microwave 
actual  frequency  Is  slightly  above  or  below  the  frequency  for  electron-cyclo¬ 
tron  resonance.  It  is  seen  that  the  insertion  loss  i.i  high  In  the  Immediate 
vicinity  of  resonance  as  would  be  expected,  but  the  phase  shift  remains  large 
fur  frequency  regions  where  the  Insertion  loss  is  low.  The  theoretical  predic¬ 
tions  normalized  to  the  experimental  data  at  the  frequency  2.8  kmc,  are 
superimposed  for  comparison.  The  di.sperslon  curves  observed  are  in  good 
agreement  with  the  theoretical  predictions,  except  in  the  immediate  vicinity 
of  resonnnee  where  It  Is  dlfAcuIt  to  make  accurate  comparison. 

Figure  28-50  Illustrates  how  phase  shift  and  attenuation  vary  with  npiilied 
magnetic  Held.  It  shows  a  change  from  200  to  300  degrees  phase  shift  for  a 
change  from  about  50  gauss.  1"his  indicates  that  a  narrow  band  device  could 
be  built  to  use  nmgnctic  Acid  tuning  over  a  range  of  lOO  degrees  cf  phase 
shift  vdth  a  nearly  linear  tuning  rate  uf  about  2  degrees  per  gauss.  Figure 
28-60  is  taken  fur  a  discharge  in  helium  at  ftxed  nngnetic  field  for  various 
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Fiouu  211-59  Gks  diKhftrKC  phase  ahift  Kioukk  2S-60  Microwave  phawi  ahlft  util- 

and  attenuation  ai  a  fun  ticn  cf  maRKpUc  iiinn  electron  cyclotron  reionance  (dli- 
tteld.  charge  in  helium). 

conditions  of  electron  density,  I.e.,  higher  discharge  power  corresponding  to 
higher  density.  The  data  illustrates  that  control  of  the  density  !s  another 
effective  way  to  vary  the  microwave  phase  shift.  Note  that  approximately 
250^  change  In  phase  shift  was  obtained  in  certain  regions  of  the  curves. 

28.]  1  Applications  to  Operational  ProliSema 

In  addition  to  providing  a  basis  for  microwave  control  devices^  a  knowl¬ 
edge  of  the  properties  end  propagation  characteristics  of  gas  dlKharges  can 
help  to  solve  certain  operational  problems.  One  such  problem,  Illustrated  in 
h'lg.  2o-6I,  has  to  do  with  the  effect  of  a  microvT-vc  elcrtrical  breakdown  near 
antennas  on  high  flying  vehicles.  Antennas  on  such  vehicles  may  initiate  elec¬ 
trical  discharges  because  the  electric  Held  required  to  break  down  the  air 
at  low  pressures  Is  In  general  much  less  than  that  required  at  atmospheric 
pressure.  Con.sidcrabir  '.formation  pertinent  to  this  problem  can  be  obtained 
from  a  knowledge  of  i.  propagation  and  breakdown  c(  .iditions  in  air. 

28.1  LI  Microwave  Ureakilown  at  High  Altitudea 

In  order  to  provide  information  pertinent  to  this  problem,  calculations 
have  been  made  of  threshold  electric  Acids  for  cw  breakdown  and  maximum 
electric  Acid  for  pulse  transmission  at  various  frequencies  from  100  mc/sec 
to  35  kmc/scL  at  altitudes  up  to  500,000  feet.  In  order  to  perform  such  cal- 
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Fiuurs  28-39  Oil  dlKhamc  phaM  ihift  Fiouhk  2B-M)  Mlcrowitva  phaM  ihift  ulll- 

and  attenuation  ii  a  function  of  maKnetlc  iilnir  electron  cyclotron  reionancc  (dia- 

neld.  fharae  In  hallum). 

conditions  of  electron  density,  i.c.,  hi^'hcr  discharge  power  corre»|>ondIng  to 
higher  density.  The  dtta  illuslrites  that  control  of  tha  density  is  another 
effective  way  to  vary  ti  e  microwave  phase  shift.  NcU  that  approximately 
250*  change  In  pltase  sh.  t  was  obtained  In  certain  regions  of  the  curves. 

28.11  Applleailont  to  Operational  Problems 
In  addition  to  providing  a  basis  for  microwave  control  devices,  a  knowl¬ 
edge  of  the  properties  and  propagation  characterlstia  of  gas  diKharges  can 
help  to  solve  certain  operational  problems.  One  such  problem,  Illustrated  In 
KIg.  28-61,  has  to  do  with  the  effect  of  a  microwave  electrical  breakdown  near 
antennas  on  high  flying  vchicH.  Antennas  on  such  vehicles  may  Initiate  elec¬ 
trical  discharges  because  the  electric  held  required  to  break  down  tht;  air 
at  low  pressures  is  in  general  much  less  than  that  required  at  atmospheric 
pressure.  Considerable  information  pertinent  to  this  problem  can  br  obtained 
from  a  knowledge  of  the  propagation  and  breakdown  conditions  in  air. 

28.11.1  Microwave  Breakdown  at  Hl|th  Aliltudea 
In  order  to  provide  Information  {)crtinent  to  this  piubtem,  calculations 
have  been  made  of  threshold  electric  Helds  for  cw  breakdown  and  maximum 
electric  Held  for  pulse  transmission  at  various  frequencies  from  100  mc/scc 
to  3b  k mc/scc  nl  altitudes  up  to  500,000  feet.  !n  order  to  perform  such  cal- 
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Fiuukk  29*61  Schematic  rcprrMntatlon  of  operational  problems, 

culfttiolu,  it  l9,  of  courie,  nece&itry  to  consider  the  composition  of  the  it* 
mosphere  snd  the  role  of  the  viricus  fundsmenU!  processes  contributing  to 
break-dorn. 

For  preliminary  calcuUtlonSi  the  assumption  can  be  made  that  the  com* 
portion  of  air  does  not  change,  insofar  as  it  affects  electrical  breakdown  at 
high  frequencies,  over  the  entire  altitude  range  under  coniideratlon.  Although 
involving  some  error,  this  Is  a  reasonable  ftrst  approximation  arid  probably 
leadi  to  results  on  the  ccnservitlve  side. 

With  regard  to  mechanisms,  a  gas  luhjtcted  to  'Jgh  frequency  electric 
ftelds  will  break  down  and  become  conducting  when  the  numb^er  of  electrons 
produced  per  second  become?  rqun!  to  or  greater  than  the  number  lost  per 
second.  The  production  mechanism  In  a  high  frequency  discharge  is  ionisation 
within  the  iKxiy  of  the  gas.  The  important  loss  mechanisms  In  air  are  diffusion 
and  attachment,  with  attachment  predominating  In  an  uncenhned  region. 
Recombination  could  be  aigniheant  at  high  electron  concentrs  ioiui,  but  it  Is 
probably  at  least  an  order  of  magnitude  less  Important  than  attachment  in 
determining  breakdown  at  high  altitudes.  Accordingly,  only  attachment  need 
be  considered  In  preliminary  calculations.  To  the  extent  that  the  other  pro* 
cesses  actually  contribute  to  the  loss  of  electrons,  the  resjltant  conclusions 
will  be  on  the  con.servative  side. 

Although  calculations  for  cw  conditions  are  interesting,  the  cue  of  greater 
pertinence  to  the  practical  problem  Is  pulsed  transmission  In  which  aonte  in* 
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cire«s«  in  electron  concentritlon  Is  allowable.  It  is  well  known  that  signals 
may  be  transmitted  through  appreciable  concentrations  uf  electrons^  as  il¬ 
lustrated  by  the  gas  discharge  phare  shift  studies  described  previously ,  and 
so  build  up  of  electrons  In  front  of  ti^e  antenna  may  be  tolerated  provided 
the  electron  density  is  not  too  great,  f  %e  electron  concentration  above  which 
there  is  effectively  no  transmission  is  the  so-called  '^plasma  resonant  density’’ 
which  is  equal  approximately  to  10'*  divided  by  the  square  of  the  wavelength 
in  centimeters.  For  a  concentration  equal  to  half  plasma  resonant  density 
there  will  be  almost  complete  transmission.  Accordingly,  the  plasma  resonant 
density  may  be  considered  to  be  a  fairly  sharp  upper  limit. 

Fur  a  pulse  in  which  the  electric  held  is  larger  than  that  required  for 
breakdown,  the  electron  concentration  will  start  to  increase  at  an  exponen¬ 
tial  rate  determined  by  the  difference  in  the  ionization  rate  and  thaC  electron 
loss  rate.  If  the  concentration  at  the  end  of  the  pulse  Just  reaches  the  plasma 
resonant  density,  practically  the  entire  pulse  will  have  been  transmitted.  Ac¬ 
cordingly,  calculations  can  be  made  to  predict  when  this  should  occur.  An 
example  of  the  kind  of  data  obtained  Is  shown  In  Figure  28-62  for  the  frequen- 


FinOMK  28  Peak  microwave  clcrlric  Ortd  for  puln*  lran«miit^i(in  t'i  altltvide  (for  dif' 
fetent  pu!!M»  Irntfiha  at  frcqucncloi  of  10  and  .15  k  Ho  mega  eye  In 

clcs  of  iO  kmc/scc  and  35  kmc/scc,  and  for  pulse  lengths  ranging  from  .05 
to  5  microseconds.  Under  the  conditions  assumed,  It  is  believed  that  at  least 
90%  of  the  pulse  will  be  transmitlcd  at  the  microwave  electric  fields  shown 
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or  the  curves.  Also  shown  Is  the  power  racilsted  from  a  linear  array  in  kilo¬ 
watts  per  square  centimeter  for  conditions  corresponding  to  the  minimum  of 
each  curve. 

The  calculations  indicate  quite  clearly  that  the  higher  frequencies  allow 
the  transmission  of  considerably  greater  amounts  of  power  than  do  the  lower 
frequencies  and,  os  expected,  that  the  threshold  Held  allowable  for  break¬ 
down  Is  lower  for  long  pulse  lengths  than  for  short  pulse  lengths. 
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Antennas 

J.  V.  N.  GRANGER 


29.1  Introduction 

Almoit  All  ECM  lyitems  require  antennASi  and  It  lx  frequently  the  antenna 
requiremcnti  which  pose  the  most  difAcult  problems  In  the  design  and  appli¬ 
cation  of  ECM  systems.  This  chapter  deals  with  the  nature  of  the  antenna 
problems  encountered  in  ECM  systems  and  with  some  of  the  solutions  whtrh 
have  been  found  for  these  problems. 

As  a  beginning,  we  will  deflne  certain  antenna  parameters  and  briefly 
describe  their  Interielatlon.  In  the  sections  which  follow,  we  will  discuss  the 
fundamental  physical  limitations  of  antenna  behavior;  describe  the  kinds  of 
antenna  performance  which  would  be  optimum  for  different  kinds  of  ECM 
systems  in  various  tactical  situations;  survey  some  of  the  dllterent  antenna 
designs  which  have  proved  u.seful  in  ECM  applications;  and  conclude  with  a 
brief  description  of  the  kinds  of  problems  which  arise  in  Installing  antennas. 

An  antenna  is  a  kind  of  transducer,  which  cerves  to  transform  electro¬ 
magnetic  energy  between  those  modes  which  will  radiate  in  space  and  those 
modes  which  occur  on  transmlsilou  lines  or  in  lumped  circuits.  As  such, 
antennas  have  both  circuit  and  fleld  properties,  f.e.,  Impedance-  and  radiation- 
pattern  pro[>€rties.  The  description  and  analysis  of  these  properties  are  con¬ 
siderably  limplIAcd  by  the  fact  that  they  are  the  same  whether  the  antenna 
is  used  for  receiving  or  transmitting.* 

*Thii  lUtemcnt  U  not  true  in  thoftr  ftpeeisl  cii>;t  where  the  tntrrnA  sitruclure  includes 
msteriKU  whoM  propertici  sre  nonreciprocal  or  aniittropic,  but  luch  lituAtiuni  tre 
rarely  encountered  in  pr;,cticc. 


29-1 


KLECTRONIC  COUNTERMEASURES 


20^2 

Ai  with  any  two-terminal  device,  the  input  imptd^nct  of  an  antenna  U 
defined  ai  the  (complex)  ratio  of  te>*minai  voltage  to  terminal  current  when 
the  antenna  is  connected  tc  a  sine-wave  generator  at  a  particular  frequency. 
Since  most  ECM  antennas  are  not  connected  directly  to  the  associated  trans¬ 
mitter  or  receiver  circuits,  but  rather  through  a  length  of  transmission  line, 
their  impedance  properties  are  frequently  expressed  in  terms  of  a  related 
parameter,  the  VSWR  or  voltaic  standing-wave  rath,  Hie  7SWR  is  deAned 
as  the  ratio  of  the  maximum  and  minimum  voltages  appearing  across  the  line 
(ct  points  A/4  apart)  of  given  characteristic  impedance  when  the  antenna 
terminates  the  line  J!  .he  linr  Is  energised  by  a  sine-wave  generator  of  speci- 
Aed  frequency. 

Turning  now  to  :he  ^vld  prt.  ''itie!i  of  an  antenna,  we  Arit  deAne  the 
radiation  pattern,  The  radiation  pat  n  oi  ar  antenna  is  a  two-dimensional 
plot  of  the  variation  cf  the  antenna  ri,4.,  i  (voltage  developed  across  a 
Axed  load  Impedance)  as  the  antenna  is  rotated  about  a  speciAcd  axis  (Axed 
both  with  respect  to  the  antenna  and  with  respect  to  the  incident  Aeld)  In  an 
Incident  electromagnetic  Aeld  of  a  speclAed  polarisation.  Since  the  response 
of  most  antennas  exhibits  a  three-dimensional  variation,  more  than  one  radia¬ 
tion  pattern  is  usually  required  to  completely  describe  Its  radiation  properties. 
An  isotropic  antenna  is  an  idealized,  lossless  (and  Actitlous)  antenna  whose 
radiation  pattern  is  a  circle  fer  any  orientation  of  the  axis  of  the  pattern. 
It  is  useful  for  reference  purposes. 

The  gain  of  an  antenna  is  a  very  useful  property  in  system-performance 
calculations.  It  is  necessary  to  distinguish  between  several  meanings  of  the 
term.  The  power  gain  of  an  antenna  Is  deAned  as  the  ratio  of  the  powrr 
delivered  by  the  antenna  (to  a  matched  load)  to  the  power  which  would  be 
delivered  (to  a  matched  load)  by  an  isotropic  antenna  located  at  the  same 
point  in  the  incident  Acid.  The  directive  gain  of  an  antenna  is  deAned  In  the 
same  fashion  as  the  power  gain,  except  that  the  antenna  is  usumed  to  be 
free  of  losses.  The  directive  gain  can  be  obtained  from  the  radiation  patterns 
cf  the  antenna,  but  the  power  gain  requires  a  knowledge  of  the  antenna 
fAlcirncy,  and  Is  usually  obtained  by  comparative  mrasurements  with  a 
litandurd  antenna.  In  antennas  whose  radiation  patterns  are  characterised 
by  a  single  beam  (or  at  least  by  a  beam  which  is  large  compared  with  any 
side  lubes),  the  directive  gain  can  be  calculated  approximately  from  the  hal^ 
power  lieumwidths  in  two  orthogonal  planes  through  the  beam  maximum. 
Let  H'l  be  the  beamwidth  In  one  plane  and  the  beamwichh  In  the  other. 
The  beam  can  then  be  described  as  occupying  H'l  X  square  degrees.  The 
total  number  of  square  degrees  in  a  sphere  Is  approximately  41,000.  The 
directive  gain  with  respect  to  an  isotropic  source  is  therefore 
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^  .  <1,000 


(39-i) 


For  antennas  having  more  complex  radiation  patterns  the  directive  gain  can 
be  obtained  by  graphical  (or  numerical)  integration  of  the  <'acliation  patterns 
(Reference  1).  It  is  useful  to  refer  tc  dr  aperture,  sometimes  called  the 
coUectini  aptriure  or  rtaivini  cross  stcHont  of  an  antenna.  This  concept 
arises  from  the  frequent  practice  of  describing  the  held  incident  on  an  an¬ 
tenna  In  terms  of  its  power  density^  in  watts  per  square  meter.  The  aperture 
is  defined  in  terms  of  the  power  gain  by  the  relation 


lir 


(29-2) 


where,  of  course,  both  A  and  G  are  regarded  u  functions  of  the  variables 
which  describe  the  orientation  of  the  antenna  in  the  incident  field.  Both  A 
and  C  in  £q.  (29*2)  are  defined  in  terms  of  power  delivered  to  a  matched 
load.  It  is  convenient  to  define  effective  iain  and  effective  aperture  (or  effec¬ 
tive  receiving  cross  section)  as  the  values  observed  when  the  load  is  mis¬ 
matched  by  some  (known)  amount. 

It  should  be  noted  that  the  aperture  of  an  antenna  is  not  in  general  equal 
to  its  physical  cross  section.  Particularly  when  deKribing  reflector  or  horn- 
type  antennas  whose  cross-sectional  dimensions  arc  large  compared  to  the 
wavelength,  It  is  customary  to  speak  of  the  eperture  efficiencyf  defined  as  the 
ratio  of  the  aperture  to  the  cross  section.  The  aperture  efficiency  usually 
falls  between  50  and  60  percent  In  practice. 

The  utility  of  the  antenna  parameters  Just  defined  can  be  illustrated  by  an 
example.  Suppose  we  wish  to  calculate  the  power  received  on  a  given  antenna 
from  a  transmitting  antenna  at  a  uistance,  both  asiumec  to  be  in  free  space. 
The  appropriate  equation  U 


p  _  /I 


(2^-3) 


for  matched  loads.  Here  Pn  and  Pf  are  the  received  and  transmitted  powers, 
respectively;  Gn  and  Gr  are  the  corresponding  antenna  gains,  taking  Into 
account  the  relative  orientation  of  the  antennas;  and  A  and  H  are  in  the  same 
units. 

In  terms  of  aperture,  £q.  (29-3)  becomes 
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The  rnodlficttlon  of  these  formulas  which  Is  required  when  ihp  propagation 
Involved  is  not  ^‘free  space”  Is  discussed  in  Chapter  3 L 

29.2  Antenna  Bandwidth  i  Dafluitiona  and  Limitallone 

Because  of  the  ever-present  pressure  in  ECM  systems  to  increase  coverage 
to  higher  and  to  lower  frequencies,  and  to  accommodate  the  widest  possible 
band  of  frequencies  in  each  system  component,  one  of  the  most  pertinent 
basic  considerations  in  ECM  antenna  design  ii  the  question  of  the  Inherent 
bandwidth  capabilities  of  antennas  of  limited  slxe.  Every  engineer  who  has 
ever  undertaken  the  design  of  an  ECM  antenna  Is  aware  of  the  practical 
difnculties  involved  In  achieving  antennas  combining  patterns  and  impedance 
which  are  useful  over  wide  frequency  bands  with  acceptable  anienna  slxe. 
Tliose  who  have  undergone  this  experience  are  uniformly  convinced  that 
nature  sets  fundamental  limits  on  the  bandwidth  which  can  be  achieved  with 
an  antenna  structure  of  a  given  sixe,  and  indeed  this  is  true. 

In  diKussIng  the  bandwidth  of  an  antenna,  we  must  first  define  what  Is 
meant.  We  do  not  mean  the  ^tuning  range”  of  the  antenna.  However  useful 
antennu  that  require  readjustment  of  their  physical  parameters  when  the 
input  frequency  Is  changed  may  be  in  practice,  such  schemes  are  excluded 
from  consideration  here.  In  the  discussion  which  follows  we  confine  our  at¬ 
tention  to  antenna  structures  whose  physical  parameters  (including  the 
physical  values  of  the  elements  of  the  matching  network)  are  fixed.  We  define 
the  bandwidth  of  an  antenna,  then,  as  the  frequency  range  over  which  all  of 
the  operationally  significant  performance  parameters  temain  within  acceptai.lc 
limits.  We  will  generally  deal  with  the  fractional  bandwidth,  by 

where  /«  and  f\  are  the  upper  and  lower  limits,  respectively,  of  the  frequency 
range  through  out  which  the  |)eiformance  is  acceptable. 

The  requlremen.  that  all  of  the  important  performance  parameters  be 
acceptable  is  so  obviously  reasonable  that  It  hardly  seems  necessary  to 
labor  the  point.  In  fact,  however,  it  Is  not  uncommon  for  antenna  Inventors, 
nod  even  antennt  users,  to  restrict  their  attention  to  only  one  parameter, 
usually  the  input  impedance,  when  describing  the  bandwidth  of  a  particular 
antenna.  The  consequence  of  this  regrettable  single-mindednes.s  can  be,  and 
too  often  is,  «n  ECM  system  which  falls  to  fulfill  Its  intended  purpose. 

Defining  an  acceptable  range  of  input  Impedance  is  relative!;,  easy.  It  is 
usually  done  in  terms  of  the  VSWR  on  a  tram»mis8lon  line  of  established 
characteristic  impedance.  Traditionally,  VSWR’s  of  2:1  or  less  (correspond- 
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ing  to  fi  miiximum  power  reflection  of  11  percent)  are  regarded  ai  acceptable 
for  tranAmittem  employing  negative  grid  tubes.  Magnetron  transmitter*, 
which  are  subject  to  frequency  pulling  when  connecied  Xo  mlsmaiched  long 
lines,  usually  require  lower  VSWR’s.  In  receiving  applications,  VSWR's  up  ic 
5:1  are  generally  acceptable. 

Defining  acceptable  variations  of  the  radiation  paliern!i  of  KCM  anteiinss 
Is  a  much  more  sophisticated  matter,  Radiation  patterns  which  are  optimum 
for  various  operaticnal  situations  are  discussed  in  the  Sections  29.3  and  29.4. 
An  optimum  pattern  represents  a  prescription  of  the  gain  over  the  angular 
range  of  Interest.  From  this  standpoint,  then,  a  definition  of  acceptable  pat¬ 
tern  performance  would  take  the  form  of  allowable  deviations  from  the  o;)ti- 
mum  gain.  In  addition  to  the  complexity  inherent  in  the  multi-dlmenaioned 
nature  of  such  a  criterion,  a  further  complication  arises  because  the  varia¬ 
tion  of  KCM  system  effectiveness  with  antenna  gain  Is  not  linear,  so  that  a 
decibel  in  one  sector  of  the  radiation  patteni  ‘^costs'’  more  (or  less)  than  a 
decibel  In  some  other  sector.  In  practice,  It  is  customary  to  set  limits  on  the 
radiation  pattern  In  terms  of  acceptable  ranges  of  power  gain  within  a  s;)ecl- 
fled  angular  sector,  disregarding  the  pattern  outside  this  sector. 

In  addition  to  input  Impedance  and  radiation  pattern,  important  para¬ 
meters  In  any  antenna  application,  other  performance  parameters  may  re¬ 
quire  specifleations  in  some  applications.  The  polarization  performance  can 
be  speclfled  In  several  ways,  the  most  common  being  to  define  an  acceptable 
range  for  the  eHipticity  ratio  or  to  deflne  the  desired  polarization  and  place  a 
limitation  on  the  fraction  of  the  radiated  povftr  which  appears  In  the  un- 
desired  imlarlzation.  Where  the  radiation  phase  is  important,  as  in  some 
direct ion-flndlng  systems,  acceptable  tolerances  on  this  parameter  must  be 
cMablished  also. 

The  bandwidth  of  any  physical  antenna,  deflned  as  above,  Is  subject  to 
certain  intrinsic  limitations.  No  radiating  structure,  whatever  its  size  or 
cunflguration,  can  provide  useful  impedance,  and  po1a'’ization  perforn.ance 
over  an  Indeflnllely  large  bandv/idth.  Indeed,  as  wc  shall  see  below,  the  band¬ 
width  becomes  vanishingly  small  If  we  specify  i>erforniance  exceeding  some 
^^natural"  value  associated  with  the  size  of  the  radiating  structure.  Su|)er- 
{)erformancc  in  gain,  \mifurmity  of  input  Impedance,  and  purity  of  ixdarizu- 
tion  arc  mathematical  curiosities  of  absolutely  no  practical  value  to  the 
antenna  designer. 

Any  untenna,  whatever  its  configuration,  is  in  cfiect  a  mode  transducer 
whose  pur|)OMr  Is  to  transform  electromagnetic  energy  from  the  77C3/  mode 
of  the  feed  line  or  driving  circuit  to  the  radiating  I'hnm  and  V  .s/hm  sph^-kal 
waves,  or  vice  versa.  Associated  with  this  transformation  wn  a  large  number 
of  other  modes  all  of  which  serve  to  store  energy,  but  none  of  which  produce 
radiation  at  a  distance  or  contribute  usefully  to  the  associated  circuits. 
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FicVM  39-1  Coordinfitf  lyctim. 

In  terms  of  the  coordinate  system 
defined  In  Figure  29- L  the  radiation 
pattern  of  every  vertically  polarised 
antenna  can  be  regarded  as  a  linear 
supeipositlon  of  TM^m  mode^  and 
that  of  every  horisontally  polarised 
antenna  as  t  superposition  of  TEnm 
modes.  Both  TE  and  TM  modes  arc 
present  when  the  radiated  held  is  el 
llptically  polarised.  The  angular  de- 
pendence  of  the  elementary  spherical 
waves  of  both  types  Is  described  by  the 
series  of  the  associated  Legendre  poly¬ 
nomials,  which  behaves  somewhat  like 
a  Fourier  series  in  the  angular  Interval  from  0  to  w.  The  patterns  of  omni¬ 
directional  antennas,  fur  which  the  radiated  held  has  no  ^  dependence,  are 
described  by  TM^n  and/or  TEn^  modes.  The  0-dcpendence  of  the  hrst  few 
of  thfs«*  modes  Is  shown  in  Figure  29-2.  U  is  clear  that,  the  higher  the  gain 
of  the  antenna,  the  higher  :he  order  of  the  TE  or  TM  wave'  nvolved. 

From  the  impedance  standpoint,  an  antenna  can  be  rep  ented  by  an 
equivalent  circuit  like  that  shown  In  Figure  29-3  In  this  equivalent  circuit 
the  coupling  networks.  A^i,  represent  the  role  of  the  antenna  and 

feed  structure  in  energizing  the  required  radiating  modes  represented  by  the 
impedances  /i,  . .  • ,  When  the  radiation  pattern  is  speciAed,  by  Axing 

ali  of  the  nonzero  /^'s,  the  antenna  design  problem  is  to  obtain,  by  the  proper 
choice  of  antenna  conAguratiun  and  feeding  arrangement,  the  proper  form 


VfovKS^  29-2  S-tkpendcnce  of  rtemrntsry 
rsdUtlna  modpu. 
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of  In  io  doing,  the  designer  ftndi  thtt  he  his  constriined  the  input 
Impedince.  Conversely,  he  Ands  that,  if  the  Input  Impedincf  Is  Inititlly  speci- 
Aed,  the  ridlition  pattern  will  be  constrained.  It  Is  not  possible  to  design  an 
antenna  to  meet,  simultaneously,  Independently  speclAed  pattern  and  im¬ 
pedance  behavior,  even  when  each  Is  known  to  be  physically  realised  when 
associated  with  other  impedance  or  pattern  functions. 

The  constraints  Imposed  on  the  In- 
j  put  impedance  of  an  antenna  with  a 
SpeclAed  radiation  pattern  have  been 
analysed  by  Chu  (Reference  2)  He 

- ^describes  the  constraints  on  the  Input 

impedance  In  terms  of  lower  bounds 
foe  the  Q  of  the  antenna.  To  obtain 
the  Q  of  an  antenna  with  a  specified 
pattern  beh:;vlor,  he  describes  the  i^m’s 
In  the  equivalent  circuit  of  Figure 
29-3  by  appropriate  rquivalrnt  cir¬ 
cuits,  as  shown  In  Figure  29-4,  Ke 
assumes  that  the  networks,  Am*,  arc 
of  the  minimum  reactance  type,  that 
Is,  that  they  store  only  the  energy 
required  to  inake  the  transformed 
Impedance  a  pure  resistance  at  the 
operating  wavelength,  Since  nu  dis¬ 
tributed  network,  such  as  an  an¬ 
tenna,  can  truly  be  of  the  minimum 
rr^xtance  type,  Chu's  calculated 
are  lower  than  can  be  obtained  with 
physically  realisable  antennas.  His  re¬ 
sults  are  nonetheless  of  great  signifi¬ 
cance  in  antenna  design.  The  miKlal 
c<|uiva]ent  circuits  of  Figure  29-4  are 
all  high-pass  fittern.  'ihls  Is  a  very 
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Equivalent  circuit  rtpresent 
ins  antenna. 
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FmuRK  29-4  Equivalent  clrruils  for 
A  SI  radius  of  uphrrt  rnclotina  antenna; 
i'  —  velocity  of  lisht. 


Important  observation.  Let  us  re-emphailze  it.  Every  radhthf^  dtvice  is  a 
Mih-pass  structure.  In  other  words,  every  physical  antenna  Is  characterised 
by  a  lower  frequency  limit  below  which  its  radiating  projMrrtles  are  useless. 
When  the  circumference  of  the  sphere  enclosing  the  antenna  Is  less  than  n 
wavelengths,  the  equivalent  circuit  for  the  r/i„  or  TMn  mode  behaves  essen¬ 
tially  as  a  pure  reactance,  i.c.,  the  frequency  is  below  cutoff.  For  stnallcr 
antennas  at  this  frequency,  or  for  lower  frequencies,  the  (>  rises  astronom¬ 
ically.  Wc  note  that,  for  the  higher-order  moilcs,  corresponding  to  hlghei 
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antenna  K<>inii,  the  cutoff  frequency  is  directly  proportional  to  the  order  of 
the  mode.  In  other  words^  the  greater  the  gain  required  at  a  given  frequency, 
the  larger  the  antenna  structure  required.  It  Is  ol  ious  that  the  Input  Q  of 
the  antenna  is  higher  when  the  higher-order  modes  are  used.  This  accounts 
for  the  important  but  sornetlmes  insu^iclcntly  recognbed  fact  that  hlgh-galn 
ttnlennas  Inherently  have  narrower  bandwidths  than  low-gain  antennas. 

It  is  obvious  that  the  highei  the  of  an  antenna,  the  more  difficult  It  is 
to  match  over  a  wide  band.  In  fact,  If  the  degree  of  match  required  Is  too 
itringertly  defined,  a  high-C)  antenna  becomes  a  spot-frequency  device  no 
matter  how  sophisticated  the  impedance-matching  network.  The  genera! 
problem  has  been  studied  by  Fano  (Reference  3).  Similar  results  In  a  par¬ 
ticularly  u.seful  form  hive  been  given  by  Tanner  (Reference  a).  These  are 
summarized  in  Figure  29-5.  This  curve  shows  the  optimum  matching  of  an 

antenna  whose  Input  impedance  cun 
be  represented  over  the  firquency 
range  of  interest  by  a  simple  resonant 
circuit,  corres|X)n()lng  to  Chu’s  lowest- 
order  modal  equivalent  circuit,  ob¬ 
tainable  with  a  matching  network  of 
n  elements.  The  abscissa  Is  labeled 
in  terms  of  the  product  /f(>,  the 
fractional  bandwidth  times  the  an¬ 
tenna  ().  'I'he  of  I  he  antenna  Is 
obtained  from  the  definition  1/(1 
A//7m  where  fr  Is  the  resonant  fre¬ 
quency  and  A/  the  half-power  band¬ 
width.  For  a  .simple  seiles-resoniint 
circuit,  the  huif-|M)wer  frcquencle.n  arc 
those  for  which  the  resistance  Is  equal 
to  the  rcattance.  The  Interpretation 
in  the  case  of  measured  antenna  Impedances  tan  be  visualized  In  terms 
of  Figuic  29-6,  Here  the  measured  Impedance  of  a  particular  antenna  Is 
shown  as  the  dashed  curve  on  a  Smith  chart.  Rotated  through  a  section  of 
ininsmisslon  line,  the  impedame  takes  the  form  of  the  solid  curve  with  circle 
|M)ints.  'rhis  impedance  can  be  quite  accurately  represented  by  the  equivalent 
(ircuit  of  Figure  29-7.  When  the  shunting  .susceptunce  of  the  parallel  reso> 
oant  circuit  has  been  subtracted,  the  im|>edancc  follow.s  the  curve  defined  by 
the  s()uare  points.  Inspection  of  thLs  curve  shows  that  the  half-power  fre- 
(luencies  are  approximately  216  ami  230  Me,  and  the  resonant  frequency  is 
approximately  222  Me.  Thus 
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Q  = 


222 

230  -  216 


=  15 


(29-6) 


Fcno  hu  ihowfi  ihit  the  upiiniUni  iTmtching  cf  til  Impedtnce  of  thii  type 
li  obuined  with  a  network  of  the  form  ihcwn  in  Figure  29-S,  consiiting  of 
Eliernate  shunt  riartllel-reionani:  sr.d  eerit*  series-resonant  circuits.  When  the 
equivalent  circuit  of  the  impedance  to  be  matched  already  include!  a  ihunt- 
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ing  circuity  thU  lunceptience  cm  be  considered  u  being  lumped  with  the  first 
element  of  the  matching  network.  An  optimum  match  can  1^  obtained  if  the 
built-in  lUKeptanco  Li  smaller  than  that  required  for  matching.  If  this  Is  not 
the  case,  the  bandwidth  obtainable  for  a  preKribed  VSWR  tolerance  will  be 
smaller  than  that  given  by  Figure  29-5.  This  situation  will  be  recognised  by 
antenna  designers  as  the  case  where  the  impedance  curve  is  already  too 
tightly*'  around  the  center  of  the  Smith  chart.  The  reader  with  experience  In 
lms>edance  matching  will  recognise  al::o  another  result  of  Fano's  work,  that 
is,  that  the  widest  bandwidth  at  a  given  VSWR  tolerance  will  be  obtained 
with  s  matching  network  which  does  not  yield  a  perfect  match  at  any  point 
in  the  bend. 

The  llmluttons  on  impedance  bandwidth  given  in  Figure  29-5  are  funda¬ 
mental.  Other  matching  procedures  can  be  used,  of  course,  but  the  results  ob¬ 
tained  will,  at  best,  equal  those  given  in  the  rigure. 

After  the  above  discussion  we  can  list  tome  of  the  features  which  are  com¬ 
mon  to  ail  antennas  capable  of  wide  bandwidth.  Their  i>aUerns  are  simple 
and  the  gain  (s  relatively  low.  Their  structure  is  simple  and  ''clean,**  with  a 
minimum  of  sharp  corners  and  other  regions  for  excess  stored  er.«rgy.  At  least 
one  dimension  it  of  the  order  of  A/2  at  tho  lowest  frequency  in  the  band. 
Truly  broadband  antennas  do  not  require  externa!  matching  elements,  and 
are  not  perfectly  matched  at  any  point  In  the  band. 

Section  V  describes  briefly  a  variety  of  antennas  which  have  such  charac¬ 
teristics. 

29,S  Optimum  Aiitenr^a  FaUrma^Jammittg* 

In  Chapter  13  the  problem  of  determining  the  amount  of  jamming  power 
required  to  disable  a  radar  is  explored,  In  thic  section  we  will  explore  the  im¬ 
plications  of  those  results  in  establishing  the  radiation  pattern  requirements 
on  u  Jamming  antenna  system.  We  will  deal  here  with  the  ratio  7/5,  where 
J  ii  thr  janimlng  power  density  and  S  the  signal-power  density,  measured  at 
the  radar  antenna.  Expressed  in  decibeln,  the  general  equation  for  7/5.  Is 

<!1)  ~  20  log,,,  /<  +  <7,  db  4-  l‘,  db  -  10  log,,,  .r  -  ;L/'^’L^-:'\db(29-7) 

where  R  !s  the  slant  range  bet>veen  the  Jammer  and  the  radar  (meters) 

Gf  is  the  antenna  gain  of  the  Jammer 

Pi  is  the  |)owcr  density  oi  the  Jammer  (watts/incgacycle) 


♦The  mitlrriit)  prcM'ntcfl  In  thU  ucctlnn  U  ItirKclv  ntUpU’d  from  ito*  of 

Rt’ferrncp  5. 
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a  Is  this  r«d«r  crest  section  of  the  protected  vehicle  (square  meters) 
Pn  Grt  and  Br  are  the  power  output,  antennt  gain,  and  effective  band¬ 
width  of  the  radar,  respectively 

This  equation  assumes  that  the  Jammer  is  carried  on  the  vehicle  to  be 
protected  and  that  the  output  spectrum  of  the  Jammer  is  in  the  form  of  white 
noise.  Tlte  ratio  PfGr/Br  expresses  the  role  of  the  radar  system  parameters 
in  determining  //5.  For  typical  modern  tracking  radars,  the  ratio  has  values 
lying  between  100  and  120  dbw/Mc.  For  surveillance  radars,  the  ratio  Is 
dependent  on  the  elevation  angle,  typically  felling  about  6  db  from  the 
horiaon  to  20  degrees  above  the  horizon,  with  horizon  values  for  typical 
modern  radars  of  90  to  1 13  dbw/Mc. 

In  order  to  explore  the  effect  of  the  Jammer  antenna  pattern  on  //5,  we 
must  Arst  obtain  a  value  of  ir,  the  cross  section  of  the  vehicle  to  be  protected. 
As  is  well  known,  static  measurements  of  radar  cross  section  show  e:;treme 
fluctuations  in  magnitude  which  appear  in  a  moving  target  as  KlntiHatlon. 
The  median  value  of  the  cross  section  in  lO-degree  sectors  is  convenient  for 
our  purposes  here.  Fo:  a  B-47  aircraft,  for  example,  a  good  approximation 
for  the  median  value  of  &  Is  independent  of  the  elevation  angle,  end  hu 
quadrant  symmetry  In  azimuth.  It  is  d^^cribed  Jn  the  equation 

a=l0m* 

=  (60^  ^Si90*) 

The  radar  cross  section  of  ship  targets  Is  complicated  by  the  fact  that  such 
targets  often  intercept  more  than  one  lobe  of  the  radar  beam,  and  may  have 
dimensions  (in  range)  exceeding  one  pulse  length.  Average  values  have  been 
obtained  by  comparison  measuiements  at  the  Naval  Research  laboratory. 
Accoiding  to  these  data  (Reference  6),  the  following  are  typical  at  X-band; 

V€:$el  db  abuvi  1  m* 

Battleship  66 

Aircraft  i^arrier  61 

Heavj,*  cruiser  56 

Destroyer  48 

Destroyer  escort  46 

Inserting  the  appropriate  values  for  a,  for  P/.  and  for  the  ratio  PfGr/Brt 
we  can  calculate  the  spatial  distribution  of  J/S  from  G/.  Conversely,  If  we 
can  determine,  by  the  methods  outlined  In  Chapter  13,  the  required  values 
of  J/S  at  all  possible  radar  locations,  we  can  determine  the  optimum  spatial 
variation  of  G/,  f.c?.,  the  optimum  Jammer  antenna  pattern.  We  will  illu.Htrate 
the  Arst  procedure  with  an  txample.  Consider  an  airborne  jammer  at  an  altl- 


Fiourk  29-9  CRlcuUlcd  conlouri  oi  con- 
Utnt  JjS,  Contour!  rnurked  with  JIS  In 
dccib«!s. 

li-47  CiOif  section 
ipproximation  A. 

Jimmlnii  power  tCX)  w/Mc 
■{Tilnat  «  Nike-S^fUs-type 
trAcklrpp  radar. 

Aircraft  altitude  7i.0CX)  feet. 

Unear  polarUatlon. 


Fiouax  29-10  Contours  for  jammtni  an¬ 
tenna  system  of  four  sectoral  horns,  radar 
known  to  be  In  quadrant  shown.  Contours 
marked  with  JIS  In  dcclbrti.  Aircraft  alti¬ 
tude  75,000  feet.  B-47  cross-section  ap¬ 
proximation  A.  Jamminx  power  100  w/Mc 
against  Nlke-I^eus-lypt  tracking  radar. 
Jamming  antenna  beamwldth  »  65*. 
Gain  =  10  db.  Directed  ai  #4  =  45*; 

$4  120*.  Linear  polarisation. 


Fiouax  29-n  Contours  for  jamming  an¬ 
tenna  system  of  four  Si'Ctoral  horns,  all 
iintennns  ronneeied  In  parailrl  (’ontours 
markctl  with  JfS  In  decttieU,  Aircraft  alti¬ 
tude  7, ^.000  feel.  11-47  cross  seetion  ap- 
proxiin»te!>  /t.  jamming  power  100  w/Mc 
against  a  Nike  /eus-ty|H  traeklng  radar. 
Jamming  antenna  Uiim  width  fi.C, 
Gain  “  10  dh.  Ulrcctcd  at  ^4  -  45*', 

155",  225“,  and  .U5".  UOV  Linear 

poinri/ation, 


Kiofar.  29-12  Optimum  jammer  antenna 
patterns.  Antenna  gain  In  decIlKls  above 
Isotropic  gain.  Aircraft  altlt^ide  75,000 
feet  Jamming  io  be  limited  to  radius  ot 
125  miles.  Pattern  symmetry  In  all  four 
(pmdrants  assumed.  Linear  polarisation. 
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fiQvnx  29*U  Optimum  Jammer  antenna 
patterna,  Jammer  power  dcnelty  three 
tlniei  higher  than  for  figure  39-12.  Air¬ 
craft  altitude  7ii,000  feet.  Jamming  to  be 
limited  to  radiui  of  13)  milei.  Pattern 
eymmetrical  in  all  four  quadrante.  Linrar 
polarUation. 


Fiouix  39-U  Optimum  Jammer  antenna 
patterr.i.  kill  probability  liivereely  propor¬ 
tional  tu  range.  Antenna  gain  In  decibeii 
above  iiotrnpic  gain.  Airciaft  altitude 
75,000  feet.  Jamming  to  be  limited  to 
ridiui  of  133  milei.  Pattern  lymmetry  in 
all  four  quadrants  aaeumed.  Mnra:  polar- 
Uatlon. 


tude  of  75|COO  feet  with  a  power  output  of  \Q0  w/Mc  flown  asalnit  a  track¬ 
ing  radar  with  a  value  for  the  ratio  PfCr/Br  of  118  dbw/Mc.  Figure  29-^ 
ihowi  the  calculfited  co  itoura  of  constant  J/S  on  the  surface  of  a  plane  earth 
in  the  quadrant  forward  and  to  the  left  of  the  aircrafti  for  n  linearly  polar¬ 
ized  Isotropic  Jamming  antenna.  Figures  29-10  and  29-11  show  similar  sets 
of  contours  for  the  case  where  the  Jamming  antenna  system  consists  cf  four 
sectoral  horns,  each  with  a  beamwidth  of  65  degrees  and  a  gain  of  10  db, 
directed  30  degrees  below  the  horizon  and  at  azimuth  angles  of  45,  135,  225, 
and  315  degrees.  In  Figure  29-10  It  Is  assumed  that  the  general  location  of 
th^  ;adar  is  known  to  be  in  the  quadrant  shown,  and  all  of  the  power  has 
been  switched  to  the  appropriate  antenna.  In  Figure  29-il  all  of  the  antennas 
are  connected  In  parallel,  but  the  outputs  are  not  correlated,  In  order  to 
eliminate  the  interference  lobing  between  adjacent  antennas.  (This  can  be 
achieved  by  wide  spacing  of  the  antennas  or  by  Inserting  In  the  feed  of  one 
of  two  adjacent  antennas  a  time  delay  which  b  long  compared  with  l/B^) 
Contour  plots  of  this  type  can  be  utilized  to  obtain  quantitative  comparisons 
of  the  jamming  effectiveness  of  different  antennas,  If  the  characteristics  of 
the  radar  are  known.  We  can  assume  a  value  for  J/S  at  which  Jamming  Is 
effective,  and  compute  the  fractior  of  the  ground  area  surrounding  the  air¬ 
craft  and  within  the  radar  horizon  over  which  the  threshold  value  of  J/S  is 
equaled  or  exceeded.  For  several  reasons,  some  of  which  are  discussed  in 
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Chapter  13,  fuch  t  com(>ariion  is  of  limited  interest.  A  ntore  meaningful 
comparison  can  be  obtained  by  weighting  the  coverage  areas  obtained  at  each 
J/S  in  accordance  with  an  appropriate  jamming  eflectlveness  function  (which 
will  always  be  monotonic  if  ihe  radar  involved  is  at  all  sophisticated)  and 
summing  as  before, 

The  procedure  for  obtaining  the  optimum  jamming  antenna  patterns  con¬ 
sist  of  expressing  in  appropriate  analytic  form  the  effectiveness  of  the  jam¬ 
ming  antenna  as  deKrlbed  above,  and  of  then  obtaining,  by  an  application 
of  the  calculus  of  variations,  the  functional  form  of  which  maximises  the 
Jamming  effectiveness  expression.  For  the  details  of  the  br  tricky  mathe¬ 
matical  procedures  involved,  the  reader  is  referred  to  Section  !Ve  Refer¬ 
ence  6.  Two  examples  will  be  showm.  Figure  *9-12  shows  the  optimum  'am 
mer  antenna  patterns  for  the  operational  circumstances  deeci.bed  previov 
In  this  calculation  ihe  jamming  is  limited  arbitrarily  to  a  radius  of  133  mlle» 
in  order  to  avoid  the  singularities  Introduced  in  the  integrals  by  the  use  of 
a  plane  earth  The  effect  of  the  broadside  peaks  in  a  is  obvious.  It  is 

apparent  also  that  radiation  In  the  sector  immediately  below  the  aircraft  Is 
not  signlftcant  to  jamming  effectiveness.  Figure  39-13  shows  the  optimum 
patterns  for  the  Mme  situation  except  that  the  jammer  power  density  is  here 
assumed  to  be  three  times  higher  (or  the  value  of  the  ratio  PrGr/Br  is  4.8  db 
lower)  than  In  Figure  29-13.  The  most  slgni8cant  change  in  the  patterns  is 
the  reducton  of  the  else  of  the  *'no  jamming'^  null  below  the  aircraft. 

The  optimum  pattern  analysis  described  has  at  least  two  weaknesses.  The 
first  Is  that  the  derivation  assumes  a  knowledge  of  the  radar  performance, 
and  In  particular,  the  relationship  between  J/S  and  jamming  effectiveness. 
In  practice,  It  is  virtually  impossible  to  de*  ermine  these  characteristics  about 
our  own  radars,  let  alone  thoic  of  a  potential  enemy.  Some  relief  from  this 
dilemma  is  afforded  by  the  fact  that  analysis  shows  that  the  optimum  pat¬ 
terns  calculated  from  an  assumed  set  of  radar  parameters  are  very  nearly 
optimum  for  virlatlcns  up  to  ±6  db  In  radar  performance.  The  second 
weakness  of  the  optimisation  ptocedure  is  that  It  does  not  take  into  account 
the  fact  that  in  msny  cases  jamming  the  radar  Is  only  a  means  to  an  end,  it 
is  degrading  the  kill  probability  of  the  weapon  system  which  we  are  really 
after. 

The  relationshi|)  between  radar  jamming  effectiveness  and  weapon-system 
kill  probability  involves  an  array  of  intricate  factors,  most  of  which  are  not 
determinable.  It  Is  worth  while,  however,  to  examine  the  effect  of  Introducing 
various  reasonable  au.iuinptlun.H.  For  example,  the  kill  probability  of  certain 
ground-to-air  missile  systems  is  a  function  of  distance  from  the  launch  point 
to  the  target.  In  Figure  29-14  h  shown  the  optimum  jammer-untennn  pat¬ 
terns  for  the  same  situation  as  in  Figure  29-13,  except  that  we  have  assumed 
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here  that  the  kill  probability  is  Inversely  proportional  to  ranse,  that  the 
radar  and  the  missile  launcher  arc  located  at  the  same  site.  Note  that  the 
new  pattern  distributes  the  Jamming  power  so  that  less  energy  Is  directed 
toward  the  horizon,  and  more  energy  is  directed  downward,  as  would  be 
expected. 

The  threat  from  surface-to*^surfcce,  ground-to-air,  or  air-to-air  mlMiivi  will 
have  definite  range  velocity  limitations  which  will  be  primary  factors  in 
determining  the  *'  oundary  of  the  .space  In  which  jamming  is  significant. 
If  the  target  wert  ^.^tionary  in  space,  the  range  limitation  of  the  missile 
would  eliminate  the  threat  from  missile  launchers  outside  a  circle  having  a 
radius  about  equal  to  the  maximum  range  of  the  missile,  centered  on  the 
target.  In  the  case  of  aircraft  targets,  the  center  of  the  circle  of  vulnerability 
lies  forward  of  the  aircraft  a  distance  which  depends  on  the  relative  velocity 
of  the  aircraft  and  the  missile.  When  the  two  velocities  are  equal,  the  circle 
of  vulnerability  will  paas  through  a  point  Just  forward  of  the  aircraft,  since  a 
miutin  launched  just  after  the  aircraft  passes  will  never  overtake  the  air¬ 
craft.  Analytically,  the  center  of  the  circle  of  vulnerability  is  centered  at  a 
point  forward  of  the  aircraft  a  distance  d,  where 

d  ^  R{vJVm) 

and  a  radius  /?,  where  R  is  the  maximum  range  of  the  missile,  and  Vm  are 
the  average  velocities  of  the  aircraft  and  missile,  respectively,'^  and  the  ap¬ 
proximation  sign  is  necessary  because  of  altitude  and  maneuverability  con- 
sideratiotub. 

In  evaluating  jamming  antenna  patterns,  fhe  existence  of  a  circle  ot  vul¬ 
nerability  is  an  important  factor,  since  Jamming  power  radiated  outside  It  is 
ineffective.  Sometimes  other  factors  associated  with  the  weapons  system 
modify  the  optimum  spatial  distribution  of  jamming  energy.  For  example, 
some  radars  cannot  be  slewed  fast  enough  to  track  targets  passing  nearly 
overhead.  Operational  doclrlni*  may  limit  the  sector  of  vutnerabilUy.  a»,  for 
example,  when  tail -chase  inissilr  launchings  a'’e  prohibited  because  of  the 
danger  from  the  tall  guns  of  the  target  aircraft,  or  when  targ'*ls  are  passed 
through  a  radar  net  in  such  a  wuy  that  the  effectiveness  of  antijam  tech¬ 
niques  (ie.*«ignrd  to  ujHrate  against  chaff  are  optimized. 

Time  delays  In  the  ground  defense  system  can  have  a  critical  effect  on  the 
optimum  di.stribution  of  Jamming  energy.  For  example,  after  surveillance 
and  acquisition  rudar.s  have  clearly  detected  and  identified  a  target,  the 

*For  nir*l()  nlr  t)u‘  mlxHlti'  vcliiciiy  lticiutli*ii  a  vchicti*  vi’lcKity  and  a  dlffcrcntiai 

niiKtlk'  velocity  at  Ik u itch,  ho  that  tliv  nvern^i'  mlHHlIe  vrlocliy  (or  nmatl  niKht  dixtincrH 
Ih  hiuh. 
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Ur($et-tracking  redar  must  It  slewed  io  the  correct  aximuth  and  elevation, 
and  be  permitted  to  track  continuously  for  some  minimum  time  to  permit 
computer  ‘^settling’’;  the  total  delay  involved  may  be  of  the  order  of  15 
seconds,  during  which  a  Mach  aircraft  has  traveled  8  miles.  The  time  of 
flight  of  the  attacking  weapon  may  represent  a  substential  time  delay.  Jf  the 
target  must  be  continuously  tracked  by  the  ground  radar  for  the  full  time-of* 
flight,  the  effective  J/S  may  be  taken  as  the  highest  J/S  experienced  by  the 
radar  during  that  interval.  Figure  29-15  shows  a  typical  set  of  //S  contours 


Kiuurk  2V-tS  Typical  Ml  of  //S  cnn* 
touri  adjuittd  to  account  (or  effect  o(  time 
delay.  J/S  contour^  marked  In  decibels. 

Shift  of  J/S  contour  lines  to  account  for 
minimum  tracklna  time  equal  to  PiUite 
fllaht  time  from  launrher  to  intercept 
p^lnt.  v«  ^  Mach  2.5;  Vm  ^  Mach  .tO; 

-  100  milev 

adjusted  to  account  for  the  effect  of  time  delay,  ll**  »ilfts  in  the  //S  con¬ 
tours  broadside  and  to  the  rear  of  the  aircraft  are  •  marked,  and  would  sub¬ 
stantially  affect  the  optimum  jamming  antenna  pattern. 

29*4  Optimum  Antenna  Pattema^lntercept 
In  this  section  we  will  employ  an  analysis  similar  In  structure  to  that  used 
In  the  previous  section  to  obtain  the  optimum  radiation  pattern  for  an  an¬ 
tenna  to  be  used  with  an  intercept  receiver.  The  appropriate  measure  of  the 
performance  of  an  intercept  n  ..iver  is  Us  output  slgnal-to-noise  ratio  for  a 
specifled  radar  and  a  spcclfled  tactical  geometry.  Expressed  In  decibels,  the 
general  equation  for  S/^  Is 

S//V  =:=  I  20  loKw  A  -  20  logu,  /f  f  Ph  dbw  4*  Gh  db 
I  Gi  -  SF  -  101oK,u/f|  I  122  (lb 


(29-8) 
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where  A  is  the  wavelength  (meters) 

R  is  the  slant  range  between  the  Intercept  receiver  and  the  radar 
(meters) 

Ph  Is  the  peak  power  of  the  radar 
Gm  is  the  antenna  gain  of  the  radar 

Git  *nd  Bi  are  the  antenna  gain,  noise  hgure,  and  elective  band¬ 
width  of  the  Intercept  receiveri  respectively 
This  equation  assumes  line-of-sight  propagation.  The  value  of  Bi  is  c.il- 
culated  from  the  expression 


Bi  =  -  B,* 

where  Brf  and  By  are  the  rf  and  video 
bandwidth,  respectively,  and  all  the 
terms  are  in  megacycles. 

It  is  worth  while  to  calculate  the 
spatial  distribution  of  S/N  for  typical 
cites.  We  will  assume  that  a  crystal 
video  Intercept  receiver  with  traveiing- 
wave-tube  preamplification  Is  carried 
in  an  aircraft  at  an  altitude  of  75,000 
feet,  and  calculate  ^hc  variation  of 
S/N  with  ground  distance  for  an  Isc- 
Fiousa  29-16  5/JV  VI.  around  diitsncc  tropic  Intercept  antenna.  Figure  29-16 
for  ilde-lobe  reception.  Curvet  labeled  for  cases,  as  follows: 

p«rarrcter  slvcn  In  text. 

CASEii  1,-Band  (1000  Me) 

Pm  =  250  kw 

Gm  ==  typiai  of  a  surveillance  radar,  varying  from  42  to  21  db  with 
elevation  angle 
SF  =  25  db 

Bi  =31.6  Me,  corresponding  to  500- Me  rf  bandwidth  and  1-Mc 
video  bandwidth 

CASE  //:  A'- Band  ( 10,000  Me) 

Pm  =  250  kw 

Gm  ^  43  db,  corresi>ondlng  to  a  6-ft  antenna  tracking  the  aircraft 
NF  =  30  db 

Bi  =150  Me,  corresponding  to  3000-Mc  rf  bendwldth  and  4-Mc 
video  bandwidth 

The  signal-to-nolse  ratios  plotted  in  the  hgure  are  for  side-lobe  reception, 
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assumed  to  be  JO  db  below  the  main-lobe  levels.  Tbe  effect  of  the  elevation 
pattern  of  the  surveillance  radar  on  the  5/^  distribution  is  obvious. 

From  Figure  29*I6|  it  is  clear  that  antenna  gain  is  not  a  limitation  on  the 
performance  of  the  intercept  system  against  surveillance  radars  at  the  low 
microwive  frequencies.  On  the  other  hand,  the  slgnaLto* noise  performance 
of  the  assumed  intercept  system  against  A'-band  radars  is  inadequate  at 
relatively  short  distances  when  a  low-gain  receiving  antenna  Is  used.  If  an 
Intercept  antenna  with  a  gain  of  10  db  were  used  in  the  same  circumstances, 
an  5/ A  uf  10  db  could  be  obtained  at  a  range  of  SO  nautical  miles,  a  nearly 
ten  fold  Increase  in  the  ground  area  covered  by  a  ferret  mission. 

If  the  frK)uency  is  increased  still  further,  the  necessity  for  a  relatively 
high-gain  intercept  antenna  becomes  even  more  apparent.  Consider  ii  typical 
situation  at  30,000  Me. 

Pm  =  25  kw 

Cr/i  75  48  db 

NF  =  20  db  (good  travding-wave-tube  performance) 

=  350  Me 

With  an  isotropic  intercept  antenna,  the  maximum  range  on  — 30-db  side 
lobes  for  S/N  =  10  db  would  be  about  16  nautical  miles.  If  the  intercept 
antenna  had  an  aperture  2  Inches  square,  yielding  a  gain  of  21  db,  the  maxi¬ 
mum  range  would  be  increased  to  87  nautical  miles. 

7*he  extent  to  which  Increased  intercept  antenna  gain  can  be  utilised  to 
increase  tne  coverage  area  of  a  ferret  mission  Is  limited  by  other  considera¬ 
tions.  From  the  standpoint  of  technical  Intelligence  it  Is  desirable  that  a 
target  radar  remain  within  the  bean  of  the  Intercept  anttmna  for  several 
radar  scan  f>erluds.  With  high-speed  aircraft,  high-gain  Intercept  antennas 
may  not  permit  this. 

In  some  ferret  installations,  the  Intercept  antenna  beam  Is  pointed  45  de¬ 
grees  off  the  nose,  rather  than  broadside,  In  order  to  Increase  the  length  of 
time  that  a  target  radur  at  a  particular  distance  from  the  track  of  the  air¬ 
craft  remains  within  the  intercept  entenna  beam.  This  procedure  has  the 
effect  of  Increasing  the  minimurri  range  to  the  target  radar,  and  U  is  necessary 
to  Intreasf  the  antenna  gain  (by  3  db)  in  order  to  maintain  the  same  S/N, 
The  Increased  gain  results  in  a  narrowed  beamwidth,  so  that  no  Improve¬ 
ment  In  “intercept  time”  Is  achieved.  If  the  lower  S/i\  can  be  tolerated  It  Is, 
of  course,  posslbb  to  increase  the  intercept  time  by  using  it  lower-gain  an¬ 
tenna  pointing  broadside. 

A  truly  “optimum”  InliTcept  antenna  pattern  would  employ  brum  shaping 
In  the  vertical  plane  to  <ib!ain  a  uniform  S/X  performance  independent  of 
range.  Only  if  the  receiver  sensitivity  Is  very  low,  or  Ihe  signals  of  interest 
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Are  very  weak,  does  this  complication  appear  worth  white^  however*  A  con¬ 
sideration  of  far  greater  practical  importance  Is  finding  Intercept  antenna 
locations  which  yield  *'clean’’  patternsi  free  from  deep  lobing  due  to  reflec¬ 
tions  from  surrounding  structures.  Such  lobes  can  seriously  deteriorate  the 
performance  of  the  intercept  system. 

29«A  Typical  ECM  Antenna  DiNiIgna 

A  tremendous  array  ox  different  antenna  types  have  bee*^  developed  for 
£CM  applications.  A  complete  survey  would  be  beyond  t  i.*oe  of  this 
chapter.  Rather,  we  will  conflne  ourselves  here  to  a  survey  of  a  number  of 
antenna  types  which  have  found  important  appIiratiOiis  to  ECM.  No  at¬ 
tempt  vill  be  made  to  present  design  data.  Our  attention  will  be  confined  to 
those  principel  characteristics  of  greatest  interest  to  the  potential  user — 
VSWR  and  pattern  bandvidthi  gain,  and  over-all  tlse.  The  categoriei  used 
are  for  convenience  only,  and  are  not  presumed  to  be  entirely  unambiguous 
and  nonoverlapping. 

Electric  Dipoles.  Electric  dipoles  and  monopoles  are  perhaps  the  most 
widely  used  of  all  antennas.  Many  different  designs  are  available,  but  all  are 
charkcterlaed  by  a  radiation  pattern  which  is  roUtlonally  symmetric  about 
the  axis  of  the  antenna,  and  polarised  In  the  plane  containing  the  axis  of 
the  antenna.  When  the  electrical  length  of  the  dipole  is  near  or  below  A./2 
(X/4  for  a  monopole),  the  gain  Is  nearly  constant  at  2  db  relative  to  an  iso¬ 
tropic  source,  and  the  receiving  cross  section  Is  approximately  \*/B.  As  the 
electrical  length  Is  Increased  beyond  A/2,  the  gain  is  Increased  slowly  and  the 
pattern  breaks  into  several  lobes. 

The  VSWR  bandwidth  of  an  electric  dipole  tends  to  Increase  os  the  length- 
to-thickness  ratio  decreases.  This  effect  is  utilized  in  the  conical  monopole 
and  biconicai  dipole,  Figure  29- 17a  and  6.  The  2:1  VSWR  bandwidth  can 
be  as  large  qj  10:  t  for  a  30-degree  half-angle  cone,  with  the  low4ret]uency 
cutoff  at  a  radius  of  about  .V/6.  The  radiation  patterns  tend  to  break  up 
when  the  cone  radius  exceeds  3A,  however.  A  mcdiftcatlon  proposed  by 
J.  F.  Byrne,  Figure  29-t7r,  uses  conical  power-dividing  seplums  to  suppress 
the  higher-order  T^f  modes  at  id  yields  a  pattern  bandwidth  comi>arable  with 
the  VSWR  bandwidth.  The  diKone  antenna  shown  In  Figure  \7d  has  band¬ 
width  pro|)crtirs  similar  tu  the  simple  cone,  but  does  not  require  a  ground 
plane.  Figure  29'17e  ^hows  a  dipole  version  of  the  discone,  incorporating  a 
baliin,  which  has  an  equally  giK^d  bandwidth  and  Is  particularly  useful  us  a 
feed  for  a  reflector-type  ontenne. 

A  simple  antenna  |)ossessing  some  of  the  attractive  bandwidth  features  of 
the  cone  but  more  practical  at  the  longer  wavelengths  Is  the  mulilwlre  fan. 
Fans  with  a  half-angle  of  .jO  degrees  constructed  of  four  or  flve  co-planar 


tt) 
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wiret  are  qultf  brcadbind.  The  VSWR  uniformity  can  be  increaied  tome- 
what  by  taperlnR  the  length  of  the  wiret  across  the  fan. 

Planar  monopole^i*  pottcsising  5:1  VSWR  bandwldthi  of  10:1  are  tketched 
in  Figure  29*18.  The  crossed-platc  conAguration  of  Figure  29- 18a  yieldr 
quite  uniform  //-plane  patterns,  while  the  three-plate  )>crlodic  .structure  of 
Figure  29-t8o  has  //-plane  patterns  which  tend  to  become  unidirectional  at 
the  higher  frequencies  due  to  the  reflecting  actions  of  the  larger  platen.  Low- 
frequency  cutoff  occurs  when  the  maximum  plate  dimension  is  approximately 
A/8. 

In  the  sleeve  dipole,  one  or  two  auxiliary  conductors  are  arranged  so  a.s 
to  transform  the  feed  point  to  a  region  of  the  current  distribution  which 
provides  broadband  impedance  (‘om2>ensation.  Several  variations  arc  sketched 
in  longitudinal  section  In  Figure  29-19.  I'he  2:1  VSWR  bandwidth  of  these 
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designs  can  be  uh  gmit  i*«  5: 1  with  ihc  low-frequency  cutoff  nl  nj>proxlmntc!y 
L  =:  A/6.  The  |mttern«  tend  to  uj)  when  L  exceodj^  A/2,  but  may  be  u.ne- 
ful  to  |)erha|>^  twice  that  frequency.  The  partial  sleeve  configurations  of 
Figure  19c  and  d  are  particularly  adapted  to  strip  conductuf.s  a.s  shown.  In 
this  form  they  arc  somclintes  embedded  In  reinforced  plastir  panels  to  pro¬ 
vide  a  compact  and  rugged  antenna  ‘^package." 

'rhe  annular  .slot  nntcnrra  Is  a  flush- mounted  electric  monopole  which  Is 
useful  ill  certain  KCM  applications,  particularly  on  aircraft.  The  pattern 
and  V'SWR  can  U  controlled  (juitc  closely  over  bandwklths  of  about  2:1,  If 
the  depth  of  the  Ixicklng  cavity  is  suflickni.  The  low-frequcncy  cutoff  occuis 
when  the  circumference  t>f  the  slot  Is  of  the  order  of  1 .4A. 

A  final  electric  dipole  type  worthy  of  mention  is  reprewooed  by  Ote  Isolated 
wing-cap  and  tail-cap  aiiteimas  u.sed  in  certain  airrrafi  tippiirations  at  HF 
and  VHF.  The  general  configUiUtion  Is  sketched  In  Figure  29-20,  A  properly 
proportioned  1. sola  ted  section  can  yield  re%*sonat)ly  giKxl  \'S\VK  band  widths  at 
fretiuencies  as  low  as  .10  Me  on  iin  aircraft  the  sl/e  of  a  H-47.  'I‘he  patterns 
are  characterized  by  large  iiumliers  of  IoIk*s  and  substantial  cross  pnlarizutlon. 
Since  “clean*'  patterns  are  virtually  impossible  to  obtain  tin  aircraft  in  this 
frequency  range,  the  usual  practlie  is  tu  ratiomdize  the  utility  of  the  pat¬ 
terns  obtained. 
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Futi/KK  2Q>?0  wing-cup  ir.d  till-cap  intinnii. 

^fc|;nctic  Dipoles,  The  ciasiic  form  of  the  maijnetii:  ritpole  is  the  con* 
fitant  current  loop»  which  1$  almost  never  used  for  ICCM.  A  maKnetlr  dipole 
which  is  Uicd  is  the  linear  riot.  Slot  antennas  which  radiate  on  both  vides 
of  the  metallic  surface  in  which  they  are  cut  have  impedance  and  pattern 
characteristics  which  are  complementary  to  those  cf  electric  dipoleSi  so  that 
their  bandwidth  piupcrtles  and  cutoff  dimensions  are  the  same.  Where  a 
bar.kInK  cavity  Is  required,  which  Is  usually  the  cssei  the  bandwidth  is  re¬ 
duced. 

Three  different  slot  antenna  arranarments  are  sketched  In  riftore  29-21. 
The  T-fed  slot  of  FlKurc  29-2 U  has  a  2:1  VSWR  bandwidth  of  atXMii  2:1, 
with  a  low-frcqurncy  cutoff  at  L  0.6A.  The  /v-plane  half-power  be^m- 
widih  varies  f;oin  tiboul  80  decrees  nt  the  low  end  to  about  45  dearers  at 
the  blah  end  of  the  band,  llic  urranaements  of  Figure  29-216  and  c*  which 
radiate  <m  both  ^Idrs  of  the  slot  plane  havt?  VSWR  band  widths  of  n|)proxl- 
matrly  3.5.1  The  conical  prul>e  of  Figure  29-2 Ic  is  particularly  suited  for 
urrangemmu  where  tlie  sKq  is  cut  in  a  septum  projecting  from  the  ground 
plane  as  shown  and  provides  a  snvmther  transiti  jn  to  the  feed  cable  than  that 
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of  riRure  29-2IA  ftt  mlcfowavp  frequtfPcIcM.  Loi"- frequency  cutoff  occurs  at 
L  ^  A/i  fur  these  arrangements 

Figure  29-22  shoals  the  constructlun  of  a  ilovtcd  cylinder  antenna*  which 
provides  an  omni-nximuthal  horUnntally  polarized  pattern  and  a  3:1  VSWR 
bandwidth  of  about  1.7:1.  Its  low-frequcncy  cutoff  occurs  when  the  length 
of  the  cylinder  is  approximately  0.4 Figure  29-23  shows  the  construction 
of  n  waveguide  fed  slotted  cylinder  which  provides  horizontally  t><>larlzc(i 
omni-azimulhal  radiation  frcym  4.4  to  9.1  kMc, 

Hclh  and  Spiral  Aniennas^  The  helix  and  the  spiral  are  examples  of  an¬ 
tennas  which  produce  radiation  which  is  inherently  circularly  poiarized.  The 
helix,  Figure  29-24tf,  can  radiate  in  two  different  modc.n,  the  axial  mode  arid 
the  normal  mo<lc.  In  the  axial  mode,  which  occurs  when  the  circumference  Is 
of  the  order  of  the  wavelength,  the  field  is  a  maximum  In  the  dlrecilim  of  ihc 
helix  axis.  In  the  !:urmal  mode,  which  occurs  when  the  helix  cilmersion.H  arc 
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Kkiiimk  2^-24  MrlicMl  Ant'.sinai.  (a)  iUtix: 
(/))  rlrcitluriy  (MiUfiirti  C4vtty  antenna » 
(r)  }u')iix  with  incrra^ird  bandwidth;  (d) 


in  broa<l  iiueH,  Dlnen^inn*  In  lnehr«,  cavity 'nntuntid  conical  helix 
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imall  compared  with  the  wavelength,  the  field  if  a  maximum  In  the  plane 
normal  to  the  helix  axis.  Optimum  axial  mode  performance  cccun  when  the 
pitch  angle  if  about  14  degrees,  the  circumference  is  between  5A/4  and  4A/i, 
and  the  number  of  turns  exceeds  3.  Designs  of  this  kind  provide  excellent 
VSWR  performance,  constant  beamwidth  md  circular  polarixatlo^  cv\ 
bandwiuiht  of  up  to  1.8:1,  with  low*frequency  cutoff  occurring  when  ./ie 
circumference  is  about  0.7/A.  The  gain  is  a  function  of  the  numt^r  of  turns, 
and  Is  about  10  db  for  a  6-tjrn  helix.  Short  (2-  or  3-turn)  helixes  are  often 
enclosed  in  circular  cavities  to  provide  a  flush-mounted  circularly  polarised 
antenna,  u  sketched  in  Figure  29-246.  In  order  to  maintain  the  low-tre- 
quency  cutoff  of  the  helix,  the  cavity  diameter  must  be  approximately  2.4 
times  that  of  the  helix. 

The  bandwidth  of  the  helix  can  be  subsuntially  increased  by  winding  the 
helix  on  the  surface  of  a  cone,  particularly  if  the  spacing  between  the  turns 
is  increased  logarithmically  with  the  turn  diameter.  The  antenna  of  this  type 
sketched  In  Figure  29-24c*  has  a  3:1  VSWR  bandwidth  of  better  than  10:1 
with  the  low-frequency  cutoff  occurring  when  the  maximum  turn  diameter  U 
about  C.SA.  The  beamwidth  varies  between  70  and  90  degrees.  The  cavity- 
mounted  conical  helix  of  Figure  29-24dt,  which  entploys  a  uniform  turn 
spacing,  provides  a  2:1  VSWR  bandwidth  of  better  than  3:1,  with  the  low- 
frequency  cutoff  at  about  D  =  A/2. 

The  spiral,  which  was  originally  con¬ 
ceived  by  K.  M.  Turner  and  dcvch)|>ed 
extensively  at  The  Ohio  Slate  Univer¬ 
sity  Research  Foundation,  the  t Univer¬ 
sity  of  Illinois,  ami  MassachuHctts 
Inalltutf  of  Tcchiioiogy,  Is  a  very  bnuid- 
band  antenna  whlcli  Is  Inherently  cir¬ 
cularly  polurlstd  when  permitted  to 
radiate  on  both  sides  of  the  surface 
In  which  it  is  mounted,  particularly 
when  It  Is  made  In  the  form  of  a 
logaiilhmlc  spiral  (Figure  29-25).  This 
antenna  can  yield  a  VSWR  ami  pat- 
tern  bandwidth  as  greet  as  20;  1.  Low- 

frec|uency  cutoff  «Hcurs  at  approximately  D  =:  A/3.  When  a  bacUIng 
"iivity  U  used,  the  bandwidth,  particularly  with  rcsjK'Ct  to  the  uniform¬ 
ity  of  axial  ratio,  is  deteriorated  to  the  order  of  2  i. 

«t  American  Klectrnnlc  Lsbo; stories  Inc 

t Developed  at  lloclnK  Airplane  Company. 
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Logarithmicaliy  Periodic  Antennas,  The  logarithmically  tapered  conical 
helix  and  the  logarithmic  spiral  antennas  mentioned  in  the  previous  section 
are  examples  of  logarithmically  periodic  antennas  which  are  related  to  the 
class  of  frequency-independent  structures  discovered  by  V.  H.  Rumsey.  In 
the^  structures  the  geometry  is  arranged  so  that  the  patter  and  Impedance 
repeat  periodically  with  the  logarithm  of  the  frequency.  For  planar  structures 
this  is  acccn«pllihed  by  defining  their  shape  such  that  B  Is  a  periodic  function 
of  in  r,  where  r  and  B  are  the  polar  coordinates  in  the  plane  of  the  structure. 
Then  if  In  r  ii  the  period  of  In  r,  the  operation  of  an  antenna  of  infinite 
extent  would  be  the  same  at  all  frequencies  related  by  integral  powers  of  r. 
For  the  basic  structure  of  Figure  29-26(i 


If  the  shape  of  the  structure  and  the  factor  r  can  be  made  such  that  the 
variation  of  the  pattern  and  impedance  over  the  period  !n  r  is  small,  then 
this  will  hold  true  for  all  periods,  the  result  being  a  very  broadband  antenna. 
For  Anlte  structures,  it  has  been  found  that  the  '^end  effects*’  prcKluced  by 
the  abrupt  termination  of  the  periodic  structure  is  small,  so  that  wide  band* 
widths  can  be  achieved  In  practice,  so  long  as  operition  Is  confined  to  fre¬ 
quencies  above  the  low-frequency  cutoff.  For  the  untenna  of  Figure  29-26a, 
the  low-  and  high-frequency  limits  occur  when  the  longest  and  shortest 
’’teeth,"  respectively,  are  approximately  A/4, 

The  antenna  of  Figure  iS9-26a*  radiates  a  bidirectional  horisontally  polar¬ 
ised  pattern  with  approximately  equal  and  constant  principal  plane  beam- 
widths.  The  VSWR  on  a  IVC-ohm  balanced  line  connected  across  the  vertex 
la  close  to  unity  over  the  band.  The  nonplanar  structure  Figure  29-266t 
behaves  similatly  with  frequency,  but  yields  an  cndAre  t>attern,  with  Its 
maximum  along  the  Y  axis,  and  with  a  front-to-lmck  ratio  on  the  order  of 
iO  (!b.  The  nonplanar  wire  structure  of  Figure  29-26C  has  similar  properties. 

The  structures  of  Figure  uud  b  yield  circularly  polarised  endflrc 

patterns  with  the  bandwidth  projwrtiea  prcvlou.sly  des;  ibcd4  These  struc¬ 
tures  take  advantage  a  property  peculiar  to  the  logarithmically  periodic 
element,  that  is,  that  the  phase  center  moves  Unearly  hack  from  the  vertex 
by  a  distrnce  of  one  period  when  the  frequency  Is  lowered  by  an  amount 
corresponding  tn  one  |>eriod.  This  permits  the  90-degree  phasing  of  two 
orthogoim)  linear  radiating  elements  required  to  achieve  circular  polatixa- 

*(*or.cvlvr(i  by  K  H.  DuHampI  it  thr  Univrritity  of  Illinoin. 

tCoiurivpri  by  t).  K.  hbrt!  Ihv  Ifnivi'mity  of  Iltinoln. 

tThc  ftlructurt  of  Fiaurc  -Ha  wait  invrutltrtttnl  t)y  Utif  tl  it  thr  Unlvt^ntlty  of  ItiinoU, 
nmi  thttl  of  Klaurr  :V6  by  J.  W.  SrhomiT  it  OranKPr  Amioclilci. 
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fiouKK  2Q-20  X«oiCfiHthmlC4tly  periodic  anUnnai.  <«)  Antsnni  of  itructare  of  Cq.  (29- 
9);  (6)  nonplantr  ftructurr;  (c)  nonplarur  wire  itructurt 

lion  by  conitructing  th«  two  elemcnta  (I  and  II  in  Figure  29-27)  such  that 
the  *^space  phase”  of  the  structure  of  one  element  leads  or  lags  that  of  t^e 
other  by  one-fourth  of  the  geometric  period.  A  similar  procedure  U  used  In 
the  crossed  plane  structure  of  Figure  29-28  to  obtain  an  omnidirectional  hori- 
suntMiily  polarised  structure  capable  of  very  wide  pattern  and  VSWR  band- 
widths. 

Before  leaving  the  subject  of  logarithmically  periodic  antennas.  It  Is  worth 
while  to  note  that  high  gain  ondAre  patterns  exhibiting  the  frequency-inde- 
f)endrnt  properties  of  those  of  the  antcnna.H  mentioned  above  can  be  obtained 
by  i^rraying  logarithmically  {>eriudic  endfire  elements  like  those  of  Figures 
29^2tb  and  29-27a  and  b.  The  arraying  required  to  maintain  the  frequency- 
Indeiiendent  property  is  simply  to  arrange  the  elements  so  (hat  they  pusses 
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Ftouiuc  29-^7  StructurtJ*  /toldlnf  ctrculirly  pcIsHffd  tndArfl  pitterni. 


Kioi7«k  29>29  Irinfpoted  dlpoU*  togarith- 
mlciliy  p«f‘)odic  antrnna. 

a  common  vertex.*  Mutual  imjwl- 
inces  are  a  problem  In  achicvinft  gou<l 
array  performance.  In  thih  regard,  the 
;rana{H)sed  di^Kile  logarithmically  peri¬ 
odic  clementf  of  Figurea  29-29  Is  of 
particular  Interest.  This  structure  is 
unique  in  that  while  it  h  approxi¬ 
mately  planar  it  is  also  cndfire.  The 
absence  of  radial  structures  at  the 
edges  of  the  element  ruts  down  the 
Finuss  29-2S  CrotK'd  pUnr  iiructure  for  whm  the  dement  Is  used  In 

omnldlrrctionjil  rsdlstlon.  array 

Horn  Antrnnas.  Horn  antennas  are  widely  used  In  ECM  applications, 
particularly  at  the  highest  frequencies,  because  of  their  relailvely  good  per 
focrnance,  structural  simplicity,  and  the  relative  case  with  which  their  prO|^r- 


nrrnyit  bc‘cn  I’Xtennivrly  Iir'cftt!i2»lcd  by  K  It.  DutUmi'i  n!  itic  Collin»  Hndio 
Compuny. 

tC'onccIvcd  by  NIh'II. 
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FioukK  29-30  Horn  inirnnas.  (a)  Pyramidil  horn;  (b)  Unearty  poUrlird  horn;  (<) 
tnd  (d)  doilgn  for  approxlmatfly  contunt  and  tqual  &•  and  //-plant  btamwldthi. 


Ftouta  29-31  Hedrctor-typr  antennai.  (a)  Planar;  (h)  corner;  id)  paraholtc;  (d) 

hoghorn. 


ties  cnn  be  predicted.  The  pattern  and  VSWR  bandwidiha  arc  comparable 
with  waveguide  bandwldths.  The  pyramidal  horn  sketched  in  figure  29-30a 
cmnlcys  a  tapered  dielectric  slug  in  a  square-waveguide  section  to  obtain 
circular  polariaation.  The  bandwidth  of  the  llocurly  polarized  horn  of  Figure 
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29-306  has  been  extended  by  the  use  of  Hdges  in  a  manner  analagous  to  that 
of  ridged  guides.  Figures  29-30c  and  d  shows  a  unique  horn  design*  which 
provides  approximately  cenit:;rit  and  equal  £-  and  £-p!ane  beamwidths^  and 
a  VSWR  of  less  than  2:1  from  4  to  15  kMc.  This  structure  uses  "leaky'’  £- 
plane  walls  to  achieve  an  approximately  constant  radiating  aperture. 

Rejitetof-Type  AnUnnas.  Relatively  high-galn  unidirectional  patterns 
are  a  frequent  requirement  in  ECM  appllcationsi  particularly  for  ground- 
based  or  shipborne  applications.  A  simple  method  for  achieving  this  Is  to 
combine  a  wideband  radiator  with  a  planar,  corner,  or  parabolic  reflector. 
Figure  29-3 1  shows  several  examples  of  such  antennas.  Many  of  the  radiators 
previously  described  are  useful  as  feeds.  The  planar  (a)  and  corner  (6) 
reflectors  are  simple  structurally  and  very  satisfactory  when  relatively  modest 
gains  are  required.  The  parabolic  (c)  reflector  is  usually  more  satisfactory 
when  high  gains  are  required.  An  "offset  feed"  arrangement  with  a  parabolic 
reflector  is  particularly  useful,  since  the  feed  is  placed  outside  the  main  beam, 
and  the  poor  side  lobes  and  high  VSWR’s  which  can  result  from  aperture 
blocking  ere  thus  avoided.  The  "hoghorn"  structure  of  Figure  29-31d  Is 
unique  among  those  shown,  since  it  radiates  a  pattern  which  Is  broad  in  the 
plane  perpendicular  to  the  longer  exls  of  the  aperture  and  relatively  narrow 
In  tl.e  other. 

All  of  the  reflector  antennas  shown  possess  one  property  which  Is  basic  but 
usually  undesirable;  that  is,  the  directive  gain  of  these  antennas  depends  on 
frequency,  incr'^asing  approximately  as  /”. 

SurjarrAVavr  Antennes,  In  airborne  IXM  applications,  there  Is  a  fre¬ 
quent  requirement  ioi  flush-mounted  antennas  with  relatively  high  gain.  Such 
requirements  can  often  be  met  with  the  use  of  structures  of  the  type  sketched 
in  Flf»ure  20-32,  These  arc  so-caDed  surface  wave  antennas,  whose  gain  re- 
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KiovMr.  2Q-.U  Surfatc  WRvo  Rntcnnjoi.  (ii)  TH  •ntenni;  {b)  ind  (c)  TM  snterniit. 


suits  from  thj  guiding  of  the  radiated  wave  by  the  structure.  The  patterns 
are  endfirc,  and  the  gain  Is  approximately  given  by 
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where  /  is  the  length  of  the  array  In  the  same  units  used  for  A.  'Phe  TE  an¬ 
tenna  sketched  in  Figure  29-3  2o  produces  a  beam  polarised  parallel  to  the 
surface  in  which  It  Is  mounted,  with  the  benm  maximum  tilted  away  from 
the  surface  by  an  amount  inversely  proportional  to  the  antenna  gain.  The 
TM  antennas  of  Figure  3  2d  and  c  are  polarised  perpendicular  to  the  mount¬ 
ing  plane,  with  the  beam  maximum  in  that  plane. 

AffieriMs  for  Direction  Finding,  The  principles  of  direction  finding 
(D/F)  for  ECM  are  described  in  Chapter  10.  A  variety  of  antennu  can  be 
used  as  collectors.  In  D/F  systems  which  utilise  amplitude  or  phase  com¬ 
parison  of  the  outputs  of  two  or  more  fixed  collectors,  almost  any  of  the  an¬ 
tennu  described  previously  can  be  used.  One  antenna  which  liu  been  very 
successfully  used  for  this  purpose  has  not  been  described.  This  is  the  Lunr- 
berg  lens  with  multiple  fe^s.*  The  buic  configuration  is  sketched  in  Figure 
29-33.  The  lens  itself  is  in  the  form  of  a  sphere  of  natural  or  artificial  dielec¬ 
tric  materia!;  so  arranged  that  the  Index  of  refraction  varies  with  radius  ac¬ 
cording  to 


*  “■  ('i  )*  (20-11) 

where  R  is  the  outer  radius  of  the  lens.  With  such  a  lens,  a  feed  placed  at 
any  point  on  its  equator  gives  rise  to  a  pencil  beam  emerging  diametrically 
opposite. 

Variable*  Index  media  can  be  constructed  in  many  ways.  Among  those  used 
have  been:  low-dielectrlc-constant  base  materials  loaded  with  h*gh-dielectrlc- 
constnnt  beads,  high-dielectrlc-constant  base  materials  loaded  with  holes, 
^*puth  length'*  arrangements  using  parallel  plates  with  variable  spacing,  and 
variable-density  diele^;trlc  foams.  One  possible  feed  arrangement  is  sketched 
In  Figure  29-33a.  Here  15  Independent  linearly  polarised  feeds  are  spaced 
equally  around  the  equator  of  the  lens,  with  the  axis  of  polarluttion  skewed 
so  that  opposing  feeds  are  cross  polarised.  This  arrangement  tiermJts  inde¬ 
pendent  s&mpllng  of  the  1!  beams  without  serious  interaction.  Another  ar¬ 
rangement  Is  sketched  in  Figure  20-33fi.  This  arrangenicnt  Is  intended  for 
flush  mounting  on  a  plane  surface.  Since  the  tens  action  is  two-dimensional 
in  this  case,  the  resulting  beam  Is  narrow  In  the  plane  of  the  lens  but  tela- 
tively  broad  In  the  plane  {}erpendiculur  to  (h:*  lens. 

Several  of  the  D/F  ochemes  dlscuj»fccd  in  Chapter  10  employ  rotating  direc¬ 
tional  antennas.  A  number  of  diflkultles  arise  in  the  design  of  practical  col¬ 
lectors.  There  Is,  of  course,  the  basic  problem  of  achieving  the  useful  gain 


work  on  thU  ty|H'  of  f)/F  collector  wm  clime  ut  the  Alr'jorite  ln»t rumen! n  Lubo- 
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Fioi;rk  LunetKrr,  lens.  Two  (ted  irranRements  are  shown. 

«nd  bandwidth  In  a  limited  voliume.  There  le  the  problem  of  designing  wide¬ 
band  rotary  Joints.  There  le  the  major  problem  of  dLitorllon  of  the  directional 
pattern  resulting  from  ^^slte  effects/’  which  Is  dlKussed  briefly  In  Section  29-6. 

Two  types  of  rotary  collectors  have  been  used.  In  the  hrst^  the  entire  an¬ 
tenna  system  rotates  (Figure  29-34(i),  In  the  other,  sketched  In  Figure  29- 
34b,  a  circularly  polarised  directlonnl  antenna  is  Axed  In  such  a  position  that 


FiorwK  Two  (ypv»  of  rotary  coltectori. 

its  pencil  beam  is  pointed  toward  the  zenith,  and  an  inclined  plane  (Home- 
times  shaped)  mirror  is  arranged  to  tolatc  about  the  axis  of  the  Axed  an- 
terma  In  such  a  fashion  that  the  beam  is  caused  to  sweep  in  azimuth.  The 
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obvious  advjinUge  of  such  an  arrangemsnt  is  the  elimination  of  a  rotary 
Joint.  The  principal  disadvantages  are  two:  the  polarisation  of  the  beam  is 
essentially  restricted  to  circular  by  the  optics  of  the  arrangement,  and  the 
gain  (collecting  area)  of  the  mirror  arrangement  is  inherently  lower  than 
would  be  the  case  for  a  conventional  collector  with  the  same  aperture  area. 

Collectors  in  which  the  entire  antenna  rotates  take  several  forms.  Figures 
29-34<i  and  29-35  show  two  examples  in  which  feed/reflector  combinations 


Fiourv  29-35  Five-band  clrcuUrly  poUrUrd  collector. 


arc  used.  The  antenna  of  Figure  34a,  a  part  of  the  APA-69,  is  useful  over 
bani^widlhs  of  up  to  5:  i,  bpt  at  l>est  its  electrical  performance  has  been  com 
promised  in  ofucr  to  achieve  a  minimum  sise.  Figure  29-35  nhows  a  different 
approach,  in  which  antenna.i  for  the  five  standard  K(*M  band.H  from  550  to 
:  0,7 SO  Me  are  combined  in  a  single  assembly,  capable  of  roteti«.r  M  high 
speeds.*'  A  novel  rotary  Joint  providing  for  the  five  Imnds  inilcjKndcntly  Is 
Incorjviratcd  in  the  design.  Here  the  individual  bpnds  are  covered  by  simple 
circulrtrly  |X'larized  antennas.  Hie  performance  obtained  represents  a  com¬ 
promise  with  the  objective  of  minimum  sise. 

29.6  Antenna  Mtllng;  Pruhicma 

it  Is  impossible  to  leave  a  discussion  of  HCM  antennas  without  some  con- 
siderntiun  of  the  effects  of  siting  rm  antenna  performance.  effect:, 

cover  a  broad  range  of  phenomena,  all  oi  which  have  to  do  with  the  dlsior- 
llon  *)f  the  wavefront  due  to  the  presence  of  other  bodies  in  the  vicinity  of 

•Tlic  AbA-12  collector,  st  Dome  $i  Muiuotln,  Inc. 
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the  antenna.  Included  are  reflecllonit  refraction,  diffraction,  shadowing,  and 
mutual  coupling.  (This  list  is  not  all-inclusive,  and  the  categories  mentioned 
are  not  free  f-^om  overlapping.) 

To  deal  with  reflections  fl?st:  it  is  obvious  that  any  large  metallic  body 
will  reflect  radio  waves;  and  this  is  equally  true,  but  not  equally  obvious, 
for  any  large  body  whose  intrinsic  parnmrters  differ  from  those  of  free  space. 
(In  the  case  of  dielectric  surfaces  tx)th  reflected  and  transmitted  components 
occur.  The  VSWR  for  reflected  waves  is  equal  to  the  square  root  of  the  ratio 
of  the  dielectric  constants  on  the  two  sides  of  the  interface.)  The  most  com¬ 
mon  instance  of  reflection  effects  is  the  change  in  the  free-space  parameters 
of  an  antenna  when  it  is  located  near  the  ground.  These  effects  are  well 
known.  When  the  antenma  is  elevated  above  a  plane  earth,  the  reflected  fields 
combine  with  the  direct  rays  to  create  a  lobe  structure  In  the  radiation  pat- 
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vTriiral  U!iF  anirnmt  locntrtl  on  the 
un>1i‘r  of  a  Mtrtruil. 


29*J7  U»rins  error  vs.  true  brar- 
Ins.  I)/F  collector. 
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terns.  The  higher  the  antenna  (In  wavelengths)  the  greater  the  number  of 
lobes  produced,  and  the  higher  the  gain  at  the  maximum  of  the  lobe  nearest 
the  horizon.^^ 

In  operational  installations  of  ECM  antennas,  the  effects  of  reflections  can 
be  very  severe.  Two  examples  which  Indicate  the  severity  of  the  problem  are 
shown  in  Figures  29-36  and  29-37.  Figure  29-36  shows  the  radiation  pattern, 
In  the  three  principal  planes,  of  a  A/4  stub  operated  st  1000  Me,  the  antenna 
being  mounted  on  the  bottom  centerline  of  a  B-5C  aircraft.  The  deep  lobing 
resulting  from  reflections,  principally  from  the  engine  nacelles,  is  obvious. 
Figure  29-37  shows  the  measured  bearing  error  of  an  APA-17  D/l^  collector 
located  on  the  bottom  centerline  of  a  RB-66  at  a  frequency  of  450  Me  for 
vertical  polarization.  The  very  large  bearing  errors  encountered  arc  due  to 
the  distortion  of  the  phase  front  of  ihe  incoming  wave  by  reflections  from 
various  portion;  of  the  aircraft,  principally  the  swept-back  wings  and  the 
engine  nacelies. 

Refraction  effects  are  usually  associated  with  such  metecroluglca!  pheno¬ 
mena  as  ducting  and  iropospherlc  scattering,  and  as  such  are  discussed  in 
Chapter  3 1 . 

Diffraction  phenomena  are  encountered  In  every  in.;tance  in  which  radia¬ 
tion  extending  Into  the  region  of  the  ^'shadow*'  of  an  obstacle  is  obKrved. 
Figure  29'38  shows  d!flrect*on  elTects  of  the  edge  of  a  thin  metal  plate, 
A/4  wide,  Icvsl  with  and  spaced  A/10  from  a  dipole  (Figure  29-38^).  AI!  of 
the  radiation  appearing  in  the  first  quadrant  of  the  polar  plot  (Figure  29- 
38a),  as  well  as  the  distortion  of  the  pattern  evident  in  the  sector  opposite 
the  diffracting  edge,  is  due  to  diffraction.  Generally,  such  diffraction  fields  are 
characterized  by  large  phase  rotations  with  small  changes  In  angle.  Diffraction 
also  accounts  for  the  back  lobes  In  reflector  type  antennas. 

Mutuc!  coupling  Is  a  troublesome  problem  in  many  antenne  installations, 
particularly  where  guy  wires,  feed  cables,  masts,  and  other  structures  of  sub¬ 
stantial  length  .and  relatively  small  diameter  are  located  In  the  vicinity  of 
the  antenna.  The  mutual  coupling  which  exists  gives  rise  to  parasitic  radia¬ 
tion  which  combines  with  the  direct  field  in  such  n  way  as  to  produce  lobes 
and  nulls  or  other  pattern  distortions.  One  example,  special  In  nature  but 

*The  IncreiM*  In  gain  nrsr  thr  horUun  glvri  ri»c  to  the  prscilcc  of  mounting  Antennsu  at 
the  higheit  (>oftitlbie  rlevstlon.  st.  on  the  msKthrscl  of  a  ithlp.  I'hln  muRt  l)e  ptsctlcrH 
with  care,  for  it  leant  two  rra«onii  In  the  Ant  place,  at  UHF  frequenclcn  th.^  numeroun 
nulU  procUtced  at  elevation  anglra  near  the  horixon  may  ncrloURly  degrade  the  ayitem 
f ffectivenen,  Second  In  mo»l  In^tallallond,  elevating  Ihe  antenna  IncreaRe*  the  raldc 
loiR,  pincr  the  location  of  the  aaRoclated  equipment  U  uuuatiy  Axed.  Where  the  UNUal 
propagation  factors  sppty  and  the  t:>>tem  paraineterii  arc  otherwise  Axed,  the  optimum 
height  la  that  at  which  the  cable  loax  la  1  nrt>rr,  or  M.OH  decibela.  Above  that  height  the 
nignnt  inaa  due  to  cable  .ittmuallor.  increuaea  laatir  loan  the  gain  due  to  IncrenHed  height. 
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FuittuK  39.  jQ  Hcticoptfr  rittor  modutaUon  of  vi'Mlcftl  monupolf  fMdrrn. 

illusirating  c  problem  common  to  many  InitUllAtlonfi,  b  shown  In  Figure 
29-39.  This  Agure  shows  the  distortion  oi  the  30  Me  horUuntiil-planc  radir.' 
tion  pattern  vertical  whip  antenna  located  on  the  tail  Nmm  of  an 

H-i9  helicopter  by  mutual  coupling  to  the  rotor  blades  This  i^atiern  was  taken 
’  by  rotating  the  blades  relatively  rrpldly  while  rotating  the  model  rathe’’ 

slowly  on  a  conventional  antenna  pattern  range  The  distortions  of  the  radia- 
\  tiun  pattern  is  accompanied  by  tciiially  gross  variations  In  the  Input  VSWR 

of  the  antenna. 
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SOfl  Introduction 

In  this  chapter  an  associated  group  of  techniques  Is  described  which, 
when  properly  applied,  will  enhance  the  operation  of  countermeasure  equip¬ 
ment  and  systems.  The  main  subheadings  of  the  chapter  are  Receiver  Cir* 
cults,  Analy;ter  Circuits,  Transmitter  Circuits,  and  Returdlng  Techniques. 

80.2  Heeeiver  Circuits 

80.2*1  Stron^it  Signal  Elimination 

In  countermeasure  or  electronic  Intelligence  (ELINT)  search  procedures 
the  signals  of  maximum  interest  are  often  very  weak,  demanding  a  system 
sensitivity  which  often  pushes  the  state-of-the-art.  In  instances  of  thU  kind 
very  strong  signals  emanating  from  nearby  sources  may  mask  the  weaker 
signals  of  great  Interest.  It  Is  {sosslble  to  eliminate  .strong  signals  by  galhg 
them  out  on  an  amplitude  basis. 
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The  block  diagram  of  Figure  30-1  Illustrates  a  itrong  signal  elimination 
unit.  Hie  design  of  the  unit  Is  straightforward.  The  unit  arranges  for  sMong 
signals  to  gate  themselves  out  of  the  receiver  video.  The  gating*  can  be  done 
before  or  after  detection. 

It  should  be  noted  that  gating  on  the  basis  of  amplitude  will  not  eliminate 
the  side  effects  of  harmonic  mixing.  A  signal  cf  sufficient  strength  may  cause 
the  harmonics  of  the  difference  frequency  from  the  mixer  to  be  cmpliried 
In  the  i-f  amplifier  and  appear  as  a  weaker  signal  in  the  ou>^  .f  the  re¬ 
ceiver  at  an  erroneous  frequency.  The  elimination  of  these  sigt.  jlscussed 
In  Section  3C.2.2. 

AO.2.2  RrlAction  of  Superheterodyne  Receiver  Reaponaea  Due  to 
Mixer  Harmonica 

When  very  strong  receiver  Input  signals  mix  with  the  local  oKlllatur  (LO> 
signal  In  the  nonlinear  mixing  element,  harmonlci  of  the  difference  frequency 
are  generated  along  with  the  difference  frequency.  For  example,  a  strong 
signal  whose  dlffertncf  frc<tuency  is  one-third  the  intermediate  frequency  will 
produce  the  third  harmonic  of  the  difference  frequency  at  the  Intermediate 
frequency.  This  third  harmonic  will  be  amplified  and  appear  at  the  receiver 
output  as  a  weaker  signal  at  (he  frequency  to  which  the  receiver  is  tuned. 
The  undetlrcble  effects  of  dlffe*’ence  frequency  harmonic  generation  arc  the 
reception  of  undesired  signals,  erroneous  frequency  information  and  possible 
interference  with  signals  of  interest. 

The  reception  of  the  spurious  signal  wliich  is  the  result  of  the  difference 
frequency  harmonic  generation  cannot  be  eliminated  by  the  strong  signal 
elimination  technique  described  In  the  prmdlng  section.  This  spurious  re¬ 
ception  occurs  at  different  frequence  settings.  For  example,  if  the  InlcriTtediale 
frequency  Is  30  me  and  a  strong  signal  exists  at  1000  me,  a  strong  receiver 
output  wit]  ap|)ear  when  the  LO  ftequency  is  1030  me.  But  because  of  har¬ 
monic  generation  in  the  ntlxrr.  a  signal  may  also  appear  when  the  LO  fre¬ 
quency  is  1013  me,  iOlO  me,  etc.  These  spurious  signals  will  vary  widely 
In  amplitude  and  can  l)c  gated  out  only  after  they  have  been  recognized  ns 
spurious  signals.  The  spurious  response  is  recognised  by  the  presence  of  a 
strt)ng  dlffnence  frequency  whicti  Is  a  submultiplc  of  30  me. 

The  bl(K'k  diagram  (d  a  hartuonlc  rejection  unit  is  shown  in  Figure  30-2. 
The  mixer  output  Is  spill  Into  two  ih':nnels.  On  the  basis  of  n  30  me  inter¬ 
mediate  frequency  und  an  10  me  bandwidth,  the  lowest  order  harmonic 
which  would  prtKluce  an  <iutpui  Iwlwren  25  and  35  me  would  be  lesa  than 
17.5  mr.  The  next  woulil  be  about  8  to  12  me,  etc.  With  the  cxiension  down 
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reiponiee  due  to  mixer  hftrmonlce 

to  4  me  It  U  likely  thfit  if  there  are  any  higher  harmonica  which  will  qualify, 
such  as  the  30fA  harmonic  of  a  1-mc  difference  frequency,  there  will  aho  be 
harmonics  of  frequencies  greater  than  4  me  which  can  be  detected  In  the  re¬ 
jection  channel  passhand. 

The  delay  in  the  straight  through  channel  allows  for  the  rise  time  in  the 
gate  that  Is  generated  In  the  rejection  channel.  Any  signal  appearing  at  the 
output  of  the  mixer  In  the  frequency  range  of  4  to  18  me  above  a  set  thresh¬ 
old  level  causes  gates  to  be  generated  which  will  prevent  signals  from  ap¬ 
pearing  at  the  receiver  output  due  to  difference  frequency  harmonics.  The 
threshold  level  is  belt  set  hy  experiment. 

30.2«S  Local  Ofclllator  Power  Hubtllxs!* 

When  voluge  tuned  local  oscillators  arc  used  with  scanning  superhetero¬ 
dyne  Intercept  reteivers,  widely  varying  LO  power  ts  often  the  result.  The 
most  undesirable  effect  of  the  variable  LO  |V)wer  Is  that  the  receiver  noise 
flgur^  is  stfidom  optimum.  It  Is  possible  lo  pkee  a  variable  attenuator  in  the 
LO  po  line  and  regulate  the  LO  iwwcr  for  optimum  noise  figure  by 
mainlainlng  a  constant  mixer  crystal  current. 

It  should  also  be  noted  that  the  LO  drive  affects  the  conversion  loss  and 
thus  changes  the  over-all  receiver  gain.  The  output  imi>edance  of  the  mixer 
varies  Inversely  with  the  LO  drive,  and  affects  the  bandpass  shaj^e  of  tran¬ 
sitionally  cou})led  i-f  input  circuits,  which  are  often  used  where  a  broad  l-f 
l)andw{dth  Is  desired. 

The  attenuator  pictured  In  Figure  30-3  Is  used  to  stabilize  the  LO  power 
of  a  Carclnotron  used  In  an  Intercept  receiver.  The  attenuator  consists  of  a 
short  ronxial  line.  In  the  dielectric  region  of  the  line  is  a  piece  of  ferrite.  This 
ferrite  normally  Introduces  12  db  atie.iuntion  at  microwave  frequencies. 
Huwfrver,  when  u  strong  transverse  magnetic  field  is  applied,  the  attenuation 
will  drop  to  as  low  as  3  db.  The  allcnuailon  is  c<»nlrolled  by  ;hc  current  in 
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^louRK  30-3  VifUbte  ftttcnuitor  for  LO  power  lUbtiUer 

the  magnetizing  coil.  The  attenuation  can  be  varied  over  a  9  db  range  to 
maintain  conatant  cryital  current.  The  crystal  current  regulator  is  thus  a 
closed  loop  servo,  llie  servo  speed  is  limited  by  the  inductance  of  the  mag* 
netiz^ng  colls  and  the  driving  power  of  the  current  source.  These  characteris¬ 
tics  arf  rlicfat^  by  the  scanning  speed  of  the  intercept  receiver. 

LO  power  stabilization  can  n^so  be  obtained  by  controlling  the  accelerating, 
or  in  some  cases  the  grid,  of  backward-wave  oscillators.  Controlling  these 
electrodes  results  i.*  ftvquency  pulling  of  about  I  percent. 

S0.2t4  An  imafo  Suppression  Receiver  for  Pulsed  Signals 
Superheterodyne  receivers  in  which  the  mixer  is  continually  accessible  to 
all  signals  in  the  r-f  bard  are  subject  to  frrntuency  ambiguity  of  the  received 
signal.  In  such  Intercept  receivers  the  unsuppressed  Image  doubles  the  signal 
environment  for  the  associated  analysis  and  recording  equipment.  Standard 
subcarrier  bands  are  Hated  In  Table  30-1. 

An  image  suppre.na!ng  receiver  is  described  capable  of  more  than  60  db 
image  rejection.  The  technique  employed  is  a  combination  of  uutphaslng  and 
gating  techniques.  About  IS  db  image  rejection  is  obtained  by  outphasing 
This  IS  db  represents  sufncieni  difference  In  cignal  levels  so  that  gates  may 
be  generated  lo  gate  out  strong  Imag*  “*gnals, 

The  block  diagram  of  the  image  su{>pression  receiver  Is  shown  In  Figure 
30-4.  The  r-f  input  is  fed  in  phase  through  a  |>ower  splitter  and  two  direc¬ 
tional  couplets  to  two  mixers.  The  LO  power  is  fed  90  degrees  out  of  phase 
to  the  two  mixrrs.  The  i-f  vuUage  output  of  chiinncl  1  lags  channel  2  output 


SUPPLEMENTARY  CIRCUITS  AND  TECHNIQUES  30-5 
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Cksnnei 

Center  freq.  Loiver  Umfi  VpP'tr  Limit 

Deviation  Freq.  Response 

(cpi) 

vcpi) 

<cpi) 

i%) 

<cpi) 

1 

400 

370 

430 

±7.5 

c 

♦  2 

560 

518 

603 

±’.5 

8 

*  3 

730 

675 

785 

±7.5 

It 

•  4 

900 

881 

iai3 

±7.5 

14 

•  5 

1300 

1302 

1398 

±7.5 

30 

♦  0 

1700 

1573 

1838 

±7.5 

33 

•  m 

9 

3300 

3137 

2473 

±7.5 

35 

*  $ 

3000 

3775 

3335 

±7.5 

45 

•  9 

3900 

3607 

4193 

±7.5 

60 

♦  10 

5400 

4995 

5805 

±-.5 

80 

•  11 

7350 

6799 

7901 

±7.5 

no 

•  13 

10,500 

9713 

:  1,388 

±7.5 

l^C 

•  13 

14,500 

13,412 

15,588 

±7.5 

330 

•  14 

33,000 

3C450 

33,650 

±7.5 

330 

•  15 

30,000 

27  750 

33,350 

±7.5 

450 

16 

40,000 

37,000 

43,000 

±7.5 

600 

17 

S3.5W 

48,560 

56,440 

±7.5 

790 

18 

70,000 

64,750 

75,350 

±7.5 

1,050 

OptionMt  A. 

Thu  Und  may 

be  employed  by  omitting  the  30  kc  band. 

B 

Thii  band  miy 

be  employed  by  omitting  the  33  and  40  kc  bandi. 

C 

Thli  b«nd  .Ti*y 

be  employed  by  omMtIna  the  30  and  5?. 5  kc  bandi. 

n. 

Thli  band  m«y 

be  employed  by  omitting 

l«r  40  and  70  kc  btnd!» 

K. 

ThU  band  may 

be  employed  by  jmlttlng  thv  43.5  kc  band. 

A 

33, ax) 

18,700 

35,.>00 

±15 

660 

H 

30A'X) 

35,300 

34,500 

±13 

900 

C 

40,CXX} 

34  000 

46.000 

±15 

1,300 

D 

43.500 

44.630 

60480 

t \K 

1.600 

E 

70,000 

59,500 

80,500 

±15 

3,100 

•  Prffcrred. 
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by  90  degrees  when  the  LO  frequency  is  higher  than  the  signal  frequency. 
Channel  1  output  leads  channel  2  output  by  90  degrees  when  the  LO  fre¬ 
quency  is  tower  than  the  signal  frequency.  In  the  i-f  circuitry  of  channel  2 
the  phase  of  the  voltage  Is  retarded  relative  to  channel  1  voltage  by  90  de¬ 
grees.  The  voltages  in  the  two  channels  are  then  added.  The  voltages  rein¬ 
force  when  the  LO  frequency  Is  higher  than  the  signal  frequency  and  cancel 
when  the  LO  frequency  is  lower  than  the  signal  frequency.  This  is  the  basic 
outphasing  method  of  Image  rejection.  Because  of  practical  limitations  in 
producing  the  phase  shifts  and  maintaining  equal  signal  amplitudes  at  the 
adder  inputs,  the  image  will  not  completely  cancel.  The  amount  of  rejection 
by  the  outphasing  technique  varies  with  errors  In  the  phase  shift  circuits  and 
amplitude  balance.  For  example,  if  the  Inputs  to  the  adder  arc  matched 
within  I  db  and  the  phase  shifters  are  all  within  10  degrees  of  90  degrees, 
tiic  Image  rejection  will  be  of  the  order  of  20  db.  This  amount  of  rejection 
alone  is  Insuftkicnt  for  pnctical  applications. 

To  incr«»ase  the  rejection  of  the  Image  tc  60  db  the  gating  circuits  of 
Figure  30-4  are  added.  At  the  Input  to  the  adder  for  the  signal,  two  voltages 
nearly  in  phase  are  applied,  and  In  the  case  of  the  image,  two  voltages  nearly 
out  of  phase.  Thr  phase  detector  In  the  gating  part  of  the  receiver  will  pro- 
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vide  opposite  polarity  video  outputs  in  the  ccses  of  siKntl  and  image.  This 
output  is  ampiifted  and  used  to  gate  off  an  i-f  ampL.  er  when  an  image  pulse 
Is  present.  The  video  gale  Is  not  required  until  the  gc  is  .irong  enough  to 
overcome  the  basic  rejection  by  outphasing.  Hcncei  the  signal-to-nclse  ratio 
at  the  phase  detector  is  sufT.cient  fur  the  generation  of  a  noise-free  gate. 

A  modM  of  an  image  receiver  is  shown  in  Figure  30-5. 

30.2.5  Interference  Reduction  by  Side  Lolie  SuppreMlon 

Interference  arriving  through  antenna  side  lobes  may  seriously  degrade 
the  performance  of  detection  equipment.  A  device  designed  to  eliminate 
pulsed  side  lobe  Interference  is  illustrated  In  Figure  30-6. 

The  technique  consists  of  adding  to  the  normal  Intercept  receiver  an  Iden¬ 
tical  receiver  called  the  Interference  receiver  which  Is  fed  from  the  same 
local  oscillator.  The  gain  of  the  interference  receiver  is  adjusted  to  be  as 
clow5  as  possible  to  that  of  the  normal  receiver,  'I'he  Interference  receiver  is 
fed  by  an  antenna  whose  gain  characteristic  is  omnidirectional  in  the  aslmuth 
plane  and  closely  approximates  the  search  antenna  In  the  vertical  plane.  The 
relationship  of  the  two  azimuthal  channel  gain  functions  Is  shown  in  Figure 
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30-6,  antenna  giiln  of  the  1‘Ufrferencc  channel  Is  adjusted  to  be  larger 
than  that  of  any  side  lube  of  the  normal  channel  but  smaller  than  the  main 
lobe. 

in  the  blanking  gate  generator,  the  outputs  of  both  receivers  are  com¬ 
pared  in  amplitude.  .Should  the  signal  In  the  .*iuxllUiy  channel  be  largiT  than 
the  signal  in  the  Intercept  <hcnnel,  a  blanking  gate  is  generated  which  pre- 
v'^nts  the  signal  frt)m  ap)H*arlng  1 1  the  outfiut  uf  the  nortnal  chunnel.  This 
corre{^tK}nds  to  the  case  of  a  side  lobe  signal  since  a  side  lobe  signal  will  be 
larger  at  the  Interference  r^'cclver  (uUput  th.'in  nl  the  normal  receiver  output, 
If  the  signal  in  the  normal  channel  Is  larger,  this  indicates  the  pre.srnce  of 
a  main  )ol>e  signal. 

The  delay  is  intro<UK'cd  to  comtM*nsate  for  the  inherent  delay  of  the  blank- 
li^g  gale.  'I'he  circuit  Huffers  a  loss  in  sensitivity  due  to  the  blanking  period.**. 
This  I'jss  incrensea  with  the  side  lob**  interference. 
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50.2.6  rHncramlc  and  Vld^  DUpi«x  of  the  Vltuel  Storefe  Type 

K  panoramic  display  utilizing  a  visual  stora.^e  tube  permiu  the  use  of 
very  low  recel*’Cr  fnquency  scan  speeds  In  addition,  en  Intercept  history  is 
presented  for  evaluation  or  recording. 

To  make  optimum  use  of  the  storage  capabilities  cf  the  visual  storage  tube, 
the  electron  beam  Is  intensity  modulated  by  the  received  video  and  a  vertical 
ruter  Is  employed  which  increases  the  vertical  defier  tion  in  steps  at  the  end 
of  each  frequency  scan.  indeAnite  storage  can  be  obtained  by  the  use  of  the 
Hughes  Memotron  storage  tube.  Shorter  storage  times  from  30  seconds  to  a 
few  minutes  can  be  ohulned  with  the  u;e  of  gray  wiilc  Ton?»»ron  ty|)e  lubes. 

Cn  the  pan  display  an  Intercepted  signal  takes  the  form  of  a  vertical  line 
Intermittent  signals  and  frequency  shifts  are  ezMIy  detecterl.  Noise  pulses 
appear  as  Kattcred  random  spots  on  the  face  of  the  display.  Weak  signals  in 
a  noise  environment  can  be  readily  detected  because  of  the  integrating  prop¬ 
erties  of  the  display. 

Figure  30-7  shows  a  block  dia^.'am  of  a  typical  panoramic  display  using  a 
visual  storage  tube  and  Figure  30-8  shows  a  photograph  of  such  a  display. 
The  Incoming  video  Is  ipf>lied  to  the  grid  of  a  dual  control  pentode  which 
anipllAes  weak  signals,  limits  strong  signals,  and  provides  a  mrsai  of  vlilro 
blanking  during  flyback  of  the  receiver  sweep. 

Because  of  the  low  sweep  siwds  encountered,  the  receiver  frequency  sweep 
voltage  is  d-c  coupled  to  the  horizontal  dedertlon  |.!ate.s  of  the  storage  lul)e. 
If  the  receiver  iirps,  the  location  of  the  spot  on  the  storage  tube  retains  Its 
correct  frefjuency  relationship  to  the  receiver  sweep.  For  tnechanically  tuned 
receivers  a  triangular  voltage  can  t>e  generated  by  mechanically  driving  a 
|K)Uoilumrlcr.  Triggers  for  the  raster  generator  can  be  generated  by  limit 
switches. 

Figure  30-9a  shows  an  example  of  the  panoramic  display.  The  ra.^tcr  steps 
up  rapidly  at  the  bottom  of  the  display  and  slowly  nt  the  top.  A  strong 
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&iFnil  and  image  intercept  U  ihown  In  the  center  of  the  dltplay  with  a  shift 
in  frequency  near  the  top.  The  othei  spotted  areas  are  nolle  buriti.  The  dis¬ 
play  examples  of  Figure  30-9  are  negatives  of  actual  photographs. 

The  visual  storage  tube  can  also  be  used  to  display  a  history  of  low  fre¬ 
quency  *'ldeo  data  The  wrIMng  sf^eeds  are  such  that  this  type  of  display  Is 
Inadequate  for  wideband  data. 

If  an  internal  sweep  generator  is  used  which  Is  triggered  by  the  incoming 
video  pulses,  prf  data  will  be  displayed  on  the  storage  tube.  Using  the  raster 
scan,  missing  pulses  or  time  synchronised  signals  are  readily  detected.  Figure 
30*9b  shows  a  display  where  the  horlsontil  deflection  sweep  irtggered  by 
the  input  vidff).  The  vertical  raster  is  stepped  up  so  that  missing  pulses  In 
the  Input  video  are  readily  detected 

The  visual  display  can  be  used  to  muuitor  the  operation  of  the  range 
unit  described  In  Section  30.3.11.  In  this  case  the  display  sweep  generator  is 
triggered  by  a  pretrigger  from  the  Jammer.  Synchronised  replies  will  store 
as  a  line  and  are  readily  detected.  Unsynchrorlsed  replies  are  stored  as  back¬ 
ground  random  spots.  This  mode  of  o|>eratlon  Is  Illustrated  In  Figure  30-9c. 

The  circuit  that  provides  the  vertical  steps  synchronised  to  the  receiver 
sweep  Is  shown  In  Figure  30-10.  This  circuit  provides  *he  following  deslrcu 
features: 

1.  Fnch  step  is  Hyncht;  .sed  to  the  receiver  sweep  and  Is  Indcj>endeni  of  the 
recriver  sweep  5|wd. 

2.  The  vertical  step  occurs  only  on  flyback  and  Is  a  true  step  function. 
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3.  The  magnitude  of  etch  itep  U  controllable  over  a  wide  range  and  may  be 
adjusted  at  any  time  by  thv  operator. 

4.  The  vertical  extur:»lon  of  the  beam  may  be  stopped  at  the  top  and  held 
until  the  operator  desire#  to  reset  It  to  the  bottom  or  It  may  1^  mode  to 
recycle  automatically.  Eruure  of  the  stared  Information  may  or  may  not 
be  accomplished  with  recycling. 

Hie  circuit  Is  baalcally  a  free  running  phantas;ron  which  is  prevented 
from  free  running  by  means  of  Rg,  R9»  CRl  and  CR3.  Point  A  of  Figure 
30-10  is  held  at  a  negative  potential  by  the  divider  corifsting  of  R8  and  RQ; 
this  places  a  back  bias  on  C*R2  and  the  charge  on  C5  Is  trapped  causing  the 
phantastron  to  sfen  at  :^ny  point  In  Its  cycle  (except  on  flyback)  the  Instant 
the  negative  voltage  Is  applied. 

As  used  In  the  panoramic  dbplay  the  negative  voltage  is  applied  at  all 
timej  and  the  phaniastron  is  gated  to  its  free  running  state  by  the  appljca- 
tlon  of  a  positive  pulse  at  point  B  of  Figure  30-10.  This  positive  pulse  places 
a  reverse  bias  on  CRl  and  removes  the  reverse  bias  from  CR2  and  the  phan- 
tastron  is  permitted  to  free  run  for  the  duration  of  the  pulse.  The  actual 
voltage  change  at  the  output  of  the  circuit  is  determined  by  the  width  of  the 
gating  pulse  and  by  the  time  constant  of  C5,  R6,  and  R7.  If  the  Input  pulse 
it  held  at  a  constant  width,  then  the  rragnitude  of  the  step  is  determined  by 
R6  and  may  lie  changed  at  any  time. 

The  |)osltlve  pulse  for  gating  the  phantastron  is  generated  by  a  monoslablc 
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flip-flop  which  in  turn  if  triggered  by  the  flyback  of  the  receiver  iwcep.  By 
making  R2  and  R7  preeet  adjustmenti  the  minimum  and  maximum  number 
of  "lincf in  the  vertical  direction  can  be  net. 

Since  the  actual  stepping  in  the  vertical  direction  is  determined  by  the 
pofitive  pulsewidth,  it  posiible  to  use  the  neg5tive  pulse  present  at  the 
other  plate  cf  the  monostable  flip-flop  to  gate  off  any  Incoming  video  during 
the  actual  stepping  action. 

By  the  addition  of  diode  CR3  (and  cloeing  SI)  the  phantastron  can  be 
prevented  from  recycling  even  though  the  poeitive  input  gating  pulse  con¬ 
tinues  to  be  applied.  At  some  point  on  the  cathode  return  resistor  of  V4 
there  if  a  potential  that  equals  the  grid  voltage  of  V5  Just  prior  to  flyback 
of  the  phantutron.  Prior  to  this  time  the  grid  voltage  of  V3  is  rising  and  the 
^'jithode  voltage  of  V4  is  falling  and  CR3  has  a  reverse  bias  applied  to  it.  At 
the  instant  that  the  voltages  on  the  cathode  and  anode  of  CR3  become  equal 
the  action  of  the  phantastron  is  stopped.  The  point  of  its  cycle  at  which  these 
voltages  become  equal  is  determined  by  the  setting  of  RIS  and  this  ''catch'* 
control  can  be  set  so  that  the  action  U  stopped  at  the  top  of  its  cycle  by 
cloftlrf  SI  and  adjusting  RlS.  With  SI  open  the  vertical  deflection  of  the 
beam  It  ir«  an  "automatic"  recycle  condition.  With  SI  clc^  the  mode  is 
lernied  "marua!"  recycle  The  manual  recycling  is  accomplished  by  the 
application  of  a  neg5tive  pulse  to  the  suppreseor  of  V3.  Switch  S3  serves 
this  purpose;  it  is  a  mon»fn!ary  contact  type  whi^h  discharges  the  negatively 
charged  condenKr  C4  through  R30. 

The  flyback  of  the  phantastron  is  In  a  direction  opposite  to  the  individual 
steps  and  can  be  urord  to  aulomat^caily  erase  the  visual  storage  tube.  By 
means  of  a  switch  this  function  can  be  made  autonuitlc  or  manual. 

This  flyback  voltage  can  be  ured  to  actuate  a  framing  camera  such  as  the 
KD3  and  an  output  of  the  camera  used  to  erase  tha  information  stored  on 
the  storage  tube.  In  this  way  a  complete  record  of  all  intercq)ts  can  he 
maintained.  This  mode  of  operation  is  discussed  in  detail  !n  Section  30.5.1 

30.2.7  Fre^ufticy  Transfer 

It  Is  often  necfwiry  to  transfer  frequency  from  the  local  oscillator  of  an 
Intercept  receiver  to  the  local  oscillator  of  a  passive  track  receiver.  This  may 
be  ncr«*mpll»hed  using  many  different  techniques.  ITic  particular  method 
described  here  allows  for  storage  of  the  LO  frequency  in  a  resonant  cavity 
thus  providi'^K  o))tlmum  use  of  the  Intercept  equipment. 

The  frequency  transfer  system  Is  described  with  the  aid  of  the  block 
di.igram  of  Figure  30-1  i,  \  small  smount  of  r  f  energy  from  the  Intercept 
receiver  local  oscillator  is  coupled  Into  a  resonant  cavity.  The  cavity  Is  lunetl 
to  the  LO  frequency  by  a  motor  driven  slug.  The  tuning  of  the  cnvliy  is  ac- 
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Ficvrk  JO-II  Block  dlAgr&m  of  a  frffjiUfncy  tianUfr  lyitem 


compilibed  in  two  itept.  I)  In  slew,  the  uvity  Is  considered  to  be  tuned  off. 
Power  Is  applied  to  the  motor  to  bring  the  cr^vlty  near  the  proper  frequency. 
At  the  point  where  crystal  current  appears,  sufficient  gain  In  the  s!ew  channel 
will  operate  the  relay  which  connects  one  winding  of  the  motor  to  a  servo 
amplifier.  2)  In  the  cervo  position  the  tuning  of  the  cavity  Is  nulled  by  the 
servo,  'fhe  cavity  Is  made  to  serve  as  a  microwave  dlKrlmlnator  by  mrc.ian- 
k.illy  deflecting  one  side  of  the  cavity  at  an  audio  frequency.  This  generates 
an  error  signal  for  the  servo. 

Once  the  cavity  Is  nulled  with  the  Intercept  LO  frequency,  the  cavity 
motor  is  turned  off  and  the  frequency  stored.  The  frequency  can  be  trans¬ 
ferred  to  any  other  LO  at  any  time.  To  accomplish  this  transfer  another 
servo  similar  to  the  one  described  here  Is  required  to  null  the  LO  of  the  pas¬ 
sive  track  receiver. 

The  frequency  transfer  system  dcKribed  here  hat  been  greatly  simplified. 
The  particular  a[>p!icallon  will  require  specific  compensating  networks  to 
stabilise  the  servo.  Using  Carcinotron  local  oscillators  In  S-band  It  is  pos¬ 
sible  to  transfer  frequencies  with  a  precision  of  0.5  me  and  better.  The 
transfer  time  can  be  made  as  small  as  100  mil  11  seconds. 

Another  frequency  transfer  system  ^s  suggested  uy  Melchor  and  Vartanian. 
(/Voc.  //?£,  February  1956).  In  this  jyslem  the  cavity  dfKribed  above  Is  re¬ 
placed  by  a  coax  line  filled  with  the  imramagnctlc  substance,  hydraxyl.  A  mag¬ 
net  Is  placed  around  the  coax  line  and  provided  with  two  windings.  A  d*c  current 
through  one  \^indlng  determines  the  frequency  of  the  sharp  resonance  line 
of  hydrasyl.  The  a-c  winding  provides  a  means  of  moduhtlng  the  r«f  fre- 
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quency.  A  means  cf  nslewln^tj  and  nulling  the  d-c  current  can  be  provided  in  a 
manner  i Imilar  to  that  demonstrated  above. 


N 


\ 


SO.2.8  Voltafc^Frequatisy  Llnvariaatlon  vt  Backward  Wave  Oscil¬ 
lators 

Applications  cf  a  microwave  receiver  using  a  backward  wave  oscillator  as  a 
voltage  tuned  local  oscillator  are  complicated  by  the  nonlinear  relationship 
between  the  collector  voltage  and  LO  frequency.  A  typical  tuning  curve  Is 

illustrated  in  Figure  30-12.  It  is 
•  usually  desirable  to  have  the  LO 

scan  in  frequency  Sinearly  with 
time.  This  can  be  accomplished  by 
distorting  n  linear  sweep  voltage 
before  it  is  applied  to  the  collector. 
The  distorting  network  is  called  a 
llneariser. 

A  llnearlzer  can  be  constructed 
using  the  cn-off  characteristics  of 
diodes  as  nonlinear  circuit  ele¬ 
ments.  In  this  way  a  desired  func¬ 
tion  is  replav'ed  by  a  number  of 
straight  line  segments.  Such  a  circuit  functions  as  a  variable  atten¬ 
uator  with  ihe  diotfes  switching  In  or  out  arbitrary  amounts  of  attenuation. 
Tne  voltage  level  at  which  a  particular  diode  switches  is  Axed  by  connecting 
the  diode  to  an  ipprc^rlate  bias  voltage.  A  llnearlzer  circuit  is  lilustrau^  In 
Figure  30-13.4.  Its  Input  and  output  characteristics  are  shown  in  Figure 
30- 13b. 

A  complete  BWO  frequeiKy  sweep  circuit  using  a  llnearlzer  Is  shown  in 
Figure  30-14.  A  low  level  linear  sweep  voltage  Is  applied  to  this  circuit.  The 
Input  voltage  Is  distorted,  shifted  In  level,  and  used  as  a  refererKc  volrage 
In  a  high  voltage  |x>wer  sujrply  regulator  to  obtain  the  voltpge  level  required 
by  the  BWO  collector. 


18  It  so  SI 

Fmusz  30-12  Typtical  tuning  curve 
bickwird  Wivt  uKllUtor 
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30,S  Anal)  are  CireulU 

30.3.1  The  Automatic  Threaltuhl  (Ilrcult 

Thr  automatic  threshold  circuit  h  usefu*  In  rrgen*  rating  the  pulse  output 
of  lntcrc?pi  receivers.  It  will  provide  almost  noise* free  video  from  the  re¬ 
ceiver  lo  anulysl.-.  cr  recording  r<|uipmrnt  over  wide  r»ng<*s  of  receiver  gain 
and  noise  level. 

The  aulonutlic  threshold  cirtuil  r'^talillshes  a  clipping  level  Jiisi  aiHive  the 


SUPPLEMENTARY  CIRCUITS  AND  TECHNIQUES 


30^15 


M/ 


i 


JO-U  A  UnftrUrr  circuit 

nol«?  tml  re^cneraten  a  0.2  voh  *llce  oI  the  receiver  vld^  At  ihl*  level.  The 
level  U  AUiofnmticAily  idjuitH  by  ti^c  rtolse  level.  Thii  is  iccompliithed  by 
amplifyinit  nnd  drtectlnit  the  nolK. 

The  blo>  dUgrAm  of  the  Autonvntic  threshold  circuit  ft  lllu»trnted  In 
^Mgure  30-15.  llie  noise  ampliAer  his  a  low  frequency  cut-off  such  that  It  has 
riegliflblf  res-ponse  to  the  video.  The  diode  sllcer  clips  the  receiver  video  Just 
above  the  noiar  le\*el.  The  0.2  volt  slice  Is  taken  to  prevent  overdriving  the 
video  ampliher  which  follows.  A  threshold  circuit  Is  shown  In  Figure  30-16. 

Th€  ihrrshidd  circuit  provides  video  for  recording  and  analysis  in  a  manner 
insenaitive  lo  receiver  gain  setting  or  noise  level.  The  signal  level  required 
for  the  regeneration  of  the  receiver  video  is  nominally  8  db  alM)vc  that  signal 
level  which  yields  a  S  i  N  to  N  rcllo  of  2:1. 

30.3t2  Fuls«  EHtrnrtur 

Pulse  extractors  ar^  useful  In  extracting  unwanted  pulse  trains  from  the 
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FiovftS  30*14  two  twtfp  circuit  ualnf  a  lUiMriM? 
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fwvat  30*11  IMt 

autanutk  OimliaM  ctrcuR 

luurcepi  rtcelver  output.  TIm  prf  of  the  unwanted  muit  b«  matually 
let  Into  the  unit*  Of,  it  nrny  be  made  to  scan  la  prf,  lock  on  the  ftni  inter* 
Cfpted  prf,  and  eitract  the  pulie  train  to  which  It  ii  lynchroniaed. 

The  puke  extractor  can  alio  be  uied  aa  a  ilfnal  aelectlon  unit  and  ftneraU 
a  lifnaJ  to  >top  the  frequency  Kan  of  a  receiver  when  It  hai  intercepted  a 
iifnai  with  the  preset  prf.  In  thli  mode  of  operation  the  extractor  hai  a 
harmonic  lus^tlbiUty  and  ihould  be  uied  only  at  hijth  repetition  rates 
when  the  pfobabilUy  of  a  harmonic  stop  i»  rerrxite. 

The  lynchronUinf  circuit  In  the  putie  extractor  ii  a  trlgx^red  delay  circuit 
of  iriMant  reem^ry.  The  delay  will  synchronise  with  a  pulK  train  whose 
f>eriod  !i  slightly  greater  than  the  delay  the  ^rtC  time  it  Is  triggered  by  a 
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rwtijix  K^U  SclMwtk  of  iutonutic  thr«»hotd  circuit 

pulof  in  ih«t  train.  The  dflny  will  not  loio  sync  as  long  ai  the  pulse  train 
la  praaent  unleta  another  train  appears  which  better  quallAts  in  prf.  In  this 
case  the  lynrhroniilnf  circuit  will  switch  pulse  trains. 

The  dalay  circuit  of  Irutant  rccover>'  Is  made  up  of  two  delays  in  cascade 
with  an  inlUbItor  which  prevents  the  first  from  b;^*nir  triggered  bsfore  the 
deky  oi  the  second  is  compirte.  The  two  delays  provide  time  ior  recovery 
of  each  individual  delay  circuit.  The  delay  circuit  is  iliustrat<*d  in  Figure  30- 1  ? 


Fievie  50- 1  r  Dtky  dmdt  ef  fssl 
fKovtry 

TIm  block  chafram  the  a>cnplete  pulse  extractor  is  shown  in  Figure  JO- 
It.  The  Oatt«  Q,  at  the  output  of  the  rapid  recovery  delay  dauit  k  used  to 
deterwilat  when  the  insun^  recovery  delay  U  syrKhronised  with  a  puke  train. 
If  tkk  Pitr  U  filled  with  video  pulses  several  times  In  succession.  It  can  be 
concluded  that  the  extrsctoi  Is  synchronised  with  a  pulse  train  and  this  same 
gate  avay  be  used  to  extract  pulses  from  the  input  video.  This  gate  determines 
the  resolution  ol  (he  unit  as  well  as  the  amount  of  video  extracted.  The  gate 
may  have  any  width  deeirabk.  However,  a  gate  of  5  to  10 jwrtrr* 
delay  is  ROfnlnal.  —  ^ 
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Fiouns  30" U  Pulte  cxtrictor  block  dliirim 


The  ‘^And  2''  circuit  is  used  to  determine  when  Gate  G  is  filled  with  video 
pulses.  The  output  of  the  '  And  2'^  circuit  tHggers  a  multivibrator  which 
gates  a  step  counter.  A  predetermined  count  of  4  or  5  will  operate  the  Schmidt 
trigger  and  at  this  point  pulse  extraction  begins.  The  step  counter  U  dumped 
when  the  Gate,  G,  is  void  of  pulses  twice  In  surcefsiwii.  This  is  accomplished 
by  the  parts  of  the  circuit  represented  by  In,  Da,  Bi,  and  '*And  3.’*  The 
reader  u  !rf;  with  the  simple  task  of  determining  the  operation  of  this  part 
of  the  logic. 


30.S.3  Siftial  Selertlon  Clrculta 

Signal  selection  circuits  are  >!?fd  Jctecilng  the  presence  of  signals  known 
to  be  on  the  basis  of  signal  parameters.  When  the  presence  of  a 

signal  threat  is  detected,  an  alarm  Is  generated  and  a  Jammer  can  be  brought 
into  action.  The  threats  may  be  identified  on  the  basis  of  any  combiiutlon  of 
pulsewidth,  prf,  and  the  number  of  pulses  In  the  pulse  code  groups.  The 
signal  selectors  can  be  connected  In  cascade  to  set  up  the  proper  combination 
of  parameters.  In  the  cascade  connection  it  is  logical  that  the  order  of  pulse- 
width,  prf,  pulse  code  be  maintained  because  a  pulsewldth  dlKriminator  is 
least  susceptible  to  Interference  and  a  pulse  code  presence  detector  Is  the 
most  susceptible  to  interference, 

30.3*4  Pulacwldth  DIscrlmiMistf^ — ”  ~ 

_ pulses  an  Intercept  receiver  can  be  rxnml  '1  on  an  individual 

oasis.  Thus  the  pulse  width  discriminator  has  no  sig.  kant  interference 
problem.  However,  fo  obtain  rectangular  pubes  from  an  intercept  receiver, 
the  receiver  must  be  wide  band.  This  means  a  sacrifice  of  sensitivity  and  an 
invitation  for  interference  which  may  cause  difficulty  for  olhoi  equipments. 
Therefore,  It  Is  profitable  to  conipromlsc  and  permit  a  limited  degradation  of 
pulse  shape  for  greater  frequency  sclcclivlly  and  receiver  sensitivity. 
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The  pul»e  width  dlicrimlnetor  will  be  of  less  value  now  and  it  is  dangerous 

to  make  the  channel  widths  too  narrow  or  have  too  little  overlap.  The  block 

diagram  of  a  single  cliann^l  of  a  channelized  pulse  width  discriminator  is 

shown  in  Figure  30-19.  The  Input 
pulses  are  differentiated.  The  lead¬ 
ing  edge  is  delayed  an  amount 
equal  to  the  minimum  width  of 
pulse  which  vdli  qunHfy.  The  ue- 
myed  trigger  generates  a  gate 
equal  to  the  acceptance  range  of 
the  channel.  If  the  trailing  edp  of 
the  Input  pulse  fails  within  this  gate»  the  channel  will  provide  a  short  pulse 
output.  Tnis  pulse  can  be  used  to  operate  a  prf  filter  or  a  pulse  code  selec¬ 
tion  unit.  The  inhibitor  and  Gate  2  are  used  to  prohibit  the  qualihcatbn  of 
a  pulse  code  group  as  a  long  pulse. 


Fsourb  SO-19  Block  dlzi'Hu  ut  pulM  width 
dUertminater  channel 


au.Ii.5  PRF  SelMior 

The  prf  lelecCor  recognizei  the  prcKtice  of  a  putted  tijtnsl  with  a  preset 
prf  in  the  output  of  an  intercept  receiver.  The  telector  described  here  will 
perform  Its  function  when  Interfering  pulse  trains  are  present.  The  prf 
telector  Is  a  Alter  which  responds  to  the  fundamental  frequency  component 
of  a  pulM  train.  Special  te^nlques  are  required  to  eliminate  tubharmonic 
ambiguities  because  pulse  trains  are  rich  In  harmonic  content.  The  mathema¬ 
tical  analysis  below  shows  that  the  harmonic  ambiguities  can  be  eliminated 
on  an  amplitude  basis  providing  the  Input  video  pulses  are  standardized. 

The  operation  of  the  prf  Alter  Is  described  with  the  aid  of  the  block  dl^ 

_ _  _ 

frequency  components  whose  am- 
Fiouke  30*20  Block  dUgrim  of  plltudes  are  given  by* 
prf  filter 


S  filnwX/rS  ] 

A,  _ 

where  =  the  pulse  amplitude 

5  =  the  pulsewidth 
r.  *hw  |iuisc  period 
=i.  repetition  frequency 
K  ==  order  of  the  harmonic 

*Princ!plrs  of  Ksdir  2n<l  Ed,  Sitff  MIT  Kidar  School  pp,  H-14, 


Fiuufir.  PHK  filar 


'H'  .  *t  filter  will  operate  wtUfaclorlly  when  puUc  Iraiiw  are  Intermixed. 
'  |H)SMlble  to  generate  gnlen  which  will  gate  out  the  video  pulie  that  has 
CAU%cd  the  filler  tc  rlnj^.  /hus  the  video  aignal  that  has  qualified  In  prf  can 
N?  gatul  to  a  pulse  jode  selector.  The  gale  which  gales  the  video  cen  be 
generated  from  tb'  lip  of  the  slnewavc  generated  by  the  fiber.  The  gatCM 
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The  examination  uf  the  above  expression  reveals  thv  vaiue  inside  the 
brackeu  is  a  sin  x/x  (unction  iV  equal  to  unity  for  the  first  several  har¬ 
monics.  TTrtfrtiorc 

A  2£o5 

Tr 

Hencei  for  the  harmonics  of  greatest  concern,  the  amplitt!d^s  of  thi  fre¬ 
quency  components  are  Inversely  proportions!  to  the  fumMmtnirn  pulse 
period.  For  example  the  1000  cycle  component  of  a  500  cycle  pul^^e  t^ain  is 
one-half  the  1000  cycle  component  of  a  1000  cycle  pulse  train.  Tnerefcr^,  the 
subh^rmonic  ambiguities  can  be  eliminated  with  an  amplitude  ^iector.  The 
pulse  standardixer  of  Figure  30-20  must  regenerate  pulse  In  each  pulse 
train  and  only  one  pulse  for  a  pulse  code  ^rcup  or  echo  train.  This  require¬ 
ment  is  imposed  by  the  amplitude  selection  circuit.  The  filter  will  normally 
be  low  Q.  A  notch  fills'*  u  a  pulsed  Hartely  OKillator  will  provide  a  prf 
resolution  of  alv>ul  5  percent.  As  the  bandwidth  is  broadened  It  becomes  more 
dlfficulr  ;u  discriminate  against  harmonics  of  low  prf  signals.  It  Is  difficult 
;o  design  the  prf  filter  so  that  it  can  be  manually  tuned.  It  Is  a  laborious 
tracking  design  ptoblem.  Complete  prf  analysis  with  miniaturised  filters  can 
be  accomplished  with  about  12  filters  per  octave.  A  simple  prf  filter  circuit 
is  shown  in  Figure  30-21. 
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gcncrited  In  thii  manner  are  in  the  order  of  35  percent  of  the  period. 
Shorter  gates  can  be  generated  by  cascading  the  prt  Alter  and  extractor  of 
Section  30.3.3  with  the  Alter  and  pulse  extractor  set  to  the  same  prf. 

SO.8.6  Puls#  Coda  Proeonco  Dotoctor 

Interleaved  pulse  trains  place  pulses  close  together  at  intervals  such  that  a 
simple  pulse  c^e  presence  detector  will  generate  many  false  stops  as  a  result 
of  interference.  A  computer  of  considerable  magnitude  is  required  with  a 
pulse  code  selector  to  meuure  and  handle  the  data  necessary  for  perfect 
operation  of  the  selector  unit.  On  the  other  hand,  it  seems  that  the  most 
practical  approach  is  to  depend  upon  frequency,  pulsewidth,  and  prf  selec¬ 
tion  to  Ktmove  the  interference  and  construct  the  simplest  pulse  code  selector 


Fiouks  30.33  utAgrem  of  puls*  cod*  prtHne^  d«ttctor 

The  block  diagram  of  Figure  30-33  Illustrates  a  pulse  code  presence  de¬ 
tector  with  a  limited  Interference  capability.  With  the  selector  set  on  3  or 
above,  the  selector  will  pr>iuce  a  receiver  scan  stop  signal  after  two  successive 
proper  counts  of  pulses  in  the  input  gate  of  40  microseconds.  In  the  ^^succes¬ 
sive"  counting,  counts  of  1  are  ignored.  This  minimises  the  effect  of  interfer¬ 
ence  of  a  single  pulse  train.  However,  with  the  selector  set  on  3  or  less,  an 
interfering  pulse  train  will  usually  generate  a  false  stop  or  prevent  a  legitimate 
stop  depending  on  circumstances.  The  manner  in  which  this  logic  is  accomp¬ 
lished  in  the  pulse  code  presence  detector  illustrated  in  Figure  30-33  is  left  to 
the  reader. 

30.3.7  New  Signal  Quallflcallon 

The  new  signal  qualiAcation  unit  provides  an  alarm  for  an  ELINT  pro¬ 
cedure  when  a  new  signal  appears.  The  new  signal  qualiAcation  described 
here  is  on  the  basis  of  frequency  only,  although  it  is  possible  to  make  use  of 
other  parameters  by  extending  the  techniques. 

The  method  of  detecting  new  signals  uses  two  Radechon  storage  tubes 
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in  a  ictn  to  r:«n  comparison  system  which  compares  the  frequencies  of  all 
sifnals  ipUrcepted  on  one  scan  of  a  receiver  with  the  frequencies  of  the  sig¬ 
nals  Uitercepted  during  the  previous  several  scans  as  cont**olled  by  the  partial 
erasure  of  the  storage  tubes.  Any  signal  appearing  suddenly  at  a  new  fre¬ 
quency  quallAes  as  a  new  signal  and  generates  an  a'arm  ani  n  new  signal 
stop. 

The  Intercept  receiver  provides  a  hnriiontal  deflection  voltage  to  the 
storage  tubes  proportional  to  frequency.  One  tube  is  In  the  '*read*'  condition 
and  the  other  In  a  ‘  state.  The  receiver  video  Is  standardlied  arid  used 
to  Intensitv  modulate  both  tubes  together.  If  an  intercepted  signal  Is  an 
signal,  readout  Is  obtained  from  the  tube  In  the  “read’*  state.  This  dis- 
qualihei  the  signal  as  a  new  signal.  If  no  readout  is  pioduced,  the  circuits 
recognise  this  as  a  new  signal,  an  alarm  Is  generated  and  the  receiver  U 
stopped  on  frequency.  Normally,  when  no  new  signal  Is  found,  at  the  end  of 
each  frequency  scan  the  read  and  write  functions  are  reversed  for  the  nest 
frequency  scan. 

The  storage  tubes  consist  of  a  standard  cathode  ray  gun  with  electro.statlc 
deHection.  The  storage  area  consists  of  a  barrier  grid  placed  In  contact  with 
I  dielectric  layer;  a  backing  plate  is  In  contact  with  the  back  side  of  the 
dielectric. 

Storage  is  accomplished  by  applying  a  (positive  voltage  to  the  backing 
electrode  and  turning  the  beam  on.  Readout  Is  accomplished  by  returning 
the  bucking  electrode  to  ground  potential,  positioning  the  beam  to  the  desired 
point,  und  turning  it  on. 

In  this  system  an  r-f  type  of  readout  is  used.  No  r-f  is  applied  to  the  tube 
in  the  write  condition  when  a  spot  Is  stored.  A  15  me  r-f  voltage  is  applied  to 
the  vertical  deHccliun  plates  of  the  tube  in  the  read  ci>adii!on.  The  reading 
beam  interstHjls  the  rpoi  at  a  30  me  rate  and  the  barrier  gild  output  is  umpll- 
Ikd  by  a  30  me  umpUner. 

A  blucl'  diagram  it  shown  In  Figure  3043.  Th^  i unction  U  as  follows: 

The  push-pull  rSedection  umpllflicrs  provide  horUuntul  deHcctlun  on  the 
storage  tubes. 

Flyback  of  the  receiver  is  differentiated  l)y  the  trigger  amplifier,  a  blocking 
o.sclllalur  cSicult.  The  blocking  oscillator  is  used  to  trigger  the  storage  switch¬ 
ing  clrcui*,  consisting  of  a  bistable  muiilvibralor  and  cathode  followers  te 
furnish  the  read-wrltc  switching  iir.d  gating  voltages. 

'I'he  receiver  video  is  (nissed  through  u  threshold  unit  to  provide  ntuse 
free  video.  The  threshold  video  is  apidied  to  a  gate  trigger  amplififr.  The 
of  the  gale  is  to  prevent  storing  or  reading  out  during  t^lia^k  or 
when  the  receiver  Is  in  a  slop  condition.  1'hese  two  gates  arc  mixed  in  on  OK 
circui*  and  applied  to  the  TRIG  AMP/GA'I'K. 
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The  output  of  TRIG  AMP/GATE  Is  used  to  trigger  a  monostable  mul¬ 
tivibrator  thus  atA  ^dardixing  the  input  video  in  amplitude  and  width. 

Readout  is  ga'^ed  through  from  the  tube  in  the  read  condition  and  ampli- 
Hed  by  a  30  m*,  amplifier  and  detected.  A  trigger  Is  generated  from  readout; 
this  triggers  a  multivibrator  producing  a  negative  gate  to  Inhibit  the  delayed 
standard  vid/o. 

Should  v'f  readout  exist  this  inhibitor  passes  delayed  standard  video  and 
is  counted  in  a  step-charge  counter.  Consecutive  pulses  cause  the  counter  to 
trigger  tVs  stop  multivibrator,  The  purpose  of  the  step-charge  counter  is  to 
prevenr  random  noise  pulses  fro.ti  stopping  the  receiver  and  generating  u 
false  r.larm. 

A^^cr  a  stoi)  is  produced  the  stop  bistable  multivibrator  is  manually  reset; 
at  same  time  blanking  is  supplied  to  the  delayed  standard  video  as  the 
rrCi.'lver  leaves  the  t)assbaMd,  preventing  stops  from  being  generated  on  the 
*<r.me  signal. 

The  15  me  oscillator  and  gates  provide  the  r-f  n  d  voltage  to  the  ap¬ 
propriate  tube. 

To  prevent  saturation  of  storage  a  means  of  partial  cruse  U  provided  by 
the  cruse  generator.  This  consists  of  an  astal)le  multivibrator  and  gate  circuits 
for  applying  erase  to  the  tube  in  the  read  condition.  Reading  Is  un  erase 
process.  Amplitude  and  and  prf  are  variable  which  allows  adjustment  of  the 
erase  thne. 

The  erase  voltage  and  standard  video  are  mixed  in  an  OR  cathode  follower 
circuit;  this  drives  the  grid  of  the  storage  tubes  providing  the  intensity  mod¬ 
ulation  needed  for  storage  and  rculout. 
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5013.8  PRF  CorreUtorf 

In  this  system  an  r-f  type  of  readout  is  used.  No  r4  is  applied  to  the  tube 
transmitter  detern?(ne  the  effects  of  its  jamming  upon  a  victim  beacon.  When 
the  Jamming  effective  the  normM  response  of  the  beacon  to  its  legitimate 
intcrroguti  n  will  be  altered.  This  change  in  the  beacon  output  can  be 
detecteu  by  observing  the  output  of  a  passive  track  receiver  tuned  to  the 
beacon  frequency. 

The  change  in  the  beacon  response  will  take  one  of  two  forms.  1)  the 
Jamming  may  cause  the  beacon  to  fail  to  respond  to  Its  legitimate  interroga¬ 
tion  consistently,  or  2)  the  Jamming  may  cause  the  beacon  response  to  con¬ 
tain  extra  pulses  as  it  responds  to  the  Jamming  transmitter.  The  equipments 
employed  to  determine  when  these  effects  are  present  are  referred  to  u  prf 
correlators, 

The  simplest  way  to  determine  whether  the  Jamming  Is  effective  is  to 
measure  the  beacon  prf  and  detect  any  change  in  prf  due  to  Jamming  An¬ 
other  method  employs  a  prf  Alter  to  detect  the  presence  of  the  transmitter 
prf  in  the  beacon  response.  Two  correlators  will  be  deKribed  here:  1}  the 
Non- Periodicity  Correlator  which  determines  whether  there  are  any  missing 
or  extra  pulses  in  the  beacon  response  and,  2)  the  Pulse  Position  Correlator 
which  searches  the  beacon  response  for  pulses  In  synchronism  with  the  trans¬ 
mitter  Jamming  pulses. 

30.3.9  The  Non-Perfiodicity  Correlator 

The  Non-Periodicity  Correlator  examines  the  beacon  response  for  missing 
or  extra  pulses.  Two  outputs  are  provided  from  the  correlator.  One  output 
is  generated  when  greater  than  a  preset  portion  of  the  beacon  pulses  are 
missing.  The  second  output  is  generated  when  greater  than  a  preset  percent 
of  the  Jamming  pulses  elicit  extra  beacon  responses. 

The  operation  of  the  Nun-Periodicity  Correlator  is  deKribed  with  the  aid  of 
the  block  diagram  of  Figure  30-24.  The  basic  circuit  Is  a  prf  circuit  of  fast 
response.  The  prf  is  measured  by  generating  sawteeth  between  pulses.  TheK 
sawteeth  are  peak  detected  for  a  meuure  of  pulse  period.  The  pulse  period  is 
integrated  for  a  short  time  average  and  storage,  llie  measuring  and  storing 
is  a  continuing  process. 

The  individual  sawteeth  are  compared  with  the  short  time  average  pulse 
|)criod.  When  a  pulse  is  missing  in  the  beacon  response  the  length  of  the 
sweep  is  doubled.  A  missing  pulse  is  detected  when  a  sv/eep  is  generated 
which  is  greater  than  the  average  pulse  period. 

When  the  passive  track  receiver  is  intentionally  blanked  to  protect  the 
mixer  circuits  from  high  power  transmitters,  beacon  pulses  are  inadvertently 
missed  This  means  that  a  small  percentage  of  the  beacon  pulses  will  be 
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mined  bccauio  of  receiver-transmitter  proximity.  The  up-and-down  counter 
imposes  the  requirement  that  a  certain  percentage  of  the  beacon  responses 
must  be  missed  before  the  pulse-missing  channel  provides  an  output.  The 
counter  counts  up  7  for  a  missing  pulse  and  down  1  for  every  received  pulse. 
An  output  will  be  generated  when  more  than  1  of  every  7  pulses  are  missing. 
The  selection  of  the  ratio  of  f  :7  and  the  threshold  level  Is  arbitrary. 

The  presence  of  extra  pulses  In  the  beacon  response  is  detKted  by  com¬ 
paring  the  Instantaneous  value  of  the  peak  detected  sawteeth  (instantaneous 
pulse  period)  with  the  short  time  average  pulK  period.  An  extra  pulse  will 
shorten  the  sweep  and  cause  an  abrupt  decrease  in  the  measured  pulse  period. 
When  a  certain  percentage  of  the  transmitter  pulses  result  in  extra  pulses  in 
the  beacon  response  as  determined  by  the  second  up-and-down  counter,  an 
output  will  be  generated  in  the  extra  pulse  channel. 


SO.StlO  Pulse  Position  Correlator 

The  Pulse  Position  Correlator  is  used  to  determine  when  the  response  of 
the  victim  beacon  contains  pulses  in  synchronism  with  the  transmitter 
pulses.  The  beacon  pulses  are  stored  in  their  pro|)er  time  phase  position  with 
respect  to  the  transmitter  pulses.  When  several  beacon  pulses  fall  in  the 
same  time  position,  with  respect  to  the  transmitter  pulse,  in  succession  or  al¬ 
ternate  succession  a  synchronized  beacon  output  Is  detected  and  an  output 
signal  generated. 

Several  means  are  available  for  the  storage  mechanism.  Time  can  be 
quantized  and  the  incoming  beacon  pulses  can  be  fed  into  a  shift  register. 
Another  way  of  storing  the  pulse  {vjsition  data  is  to  employ  storage  tut>es 
such  m  the  RCA  Radechon  cn»hode  ray  storage  tube.  The  sweep  Is  triggered 
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by  the  transmitter  prctrlg^er  and  the  tubes  are  Intensity  modulated  by  the 
beacon  pulses.  A  scan  to  scan  comparison  technique  Is  used  to  determine 
when  the  beacon  pulses  have  a  component  in  synchronism  with  the  trans* 
mltter  pulses.  A  block  diagram  of  the  Pulse  Position  Correlator  is  shown  in 
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Figure  30-25).  The  synchronising  circuits  controls  the  programming  of  the 
read,  write,  and  erase  functions  of  the  tubes.  When  storing  or  writing,  the 
tubes  in  the  *'read"  position  are  examined  for  readout.  If  any  readout  occurs 
from  the  tubes,  an  output  signal  is  generated  Three  storage  tubes  arc  used 
to  facilitate  the  read,  write,  and  erase  function  switching.  Usually  it  Is  desir¬ 
able  to  erase  after  each  time  the  tube  has  been  in  the  read  condition.  How¬ 
ever,  this  requires  that,  to  correlate,  the  beacon  must  respond  to  the  trans¬ 
mitter  twice  In  succession.  This  may  prove  to  be  unlikely,  jKirtlcularly  when 
a  high  prf  is  used.  Thus  It  may  not  be  desirable  to  erase  after  '  ery  read 
swce|).  The  beacon  pulses  can  be  stored  longer  by  erasing  less  often,  theicby 
increasing  the  reliability  of  the  correlator. 

30.3.11  A  Range  Unit 

One  of  the  variables  required  to  determine  missile  trajectory  Is  range.  A 
range  system  is  described  which  will  obtain  range  information  in  the  presence 
of  interference.  The  range  data  will  be  In  error  nn  amount  corresponding  to 
missile  beacon  response  time.  The  range  unit  er 'ploys  a  scan  comparison 
method  with  two  Radechon  storage  tubes. 

The  range  unit  Is  Illustrated  In  the  block  diagram  of  Figure  .SO-26.  The 
transmitter  prf  used  Is  assumed  low  enough  tr>  eliminate  the  pos.sibillty  of  a 
range  ambiguity.  When  the  transmitter  Is  keyed  for  ranging,  a  sweep  is 
a|)pllrd  to  each  of  two  Radcchcm  storage  tubc.s  The  received  video  Is  stand- 


SUPPLEMKNTARY  CIRCUITS  AND  TECHNIQUES 


30-27 


ardixed  and  used  to  intensity  modulate  the  tubes  together.  One  of  the  storage 
tubes  is  in  the  ''write'*  state;  the  other  is  in  the  "read"  rtate.  When  a  pulse 
is  received  it  is  stored  in  the  proper  time  position  with  respect  to  the  trans¬ 
mitter  pretrigger  on  the  tube  In  the  "write"  stale.  If  at  this  point,  any  readout 
is  obtained  from  the  tube  in  the  "read"  state,  it  is  assumed  that  these  are 
replies  from  the  transmitter  pulses.  In  this  regard  we  have  essentially  a 
pulse  position  correlator  operating  at  a  low  prf.  The  range  data  Is  best  ob¬ 
tained  by  starting  a  1-mc  counter  with  the  transmitter  pretrigger  and  stop¬ 
ping  the  counter  with  the  correlated  output  from  the  storage  and  scan  com¬ 
parison  circuits.  Improved  operation  of  the  ram?e  unit  can  be  obtained  by 
eliminating  the  legitimate  beacon  res|)onses  with  a  pulse  extractor. 

For  storage  and  readout  ojKration  refer  to  the  New  Signal  QualiAcatlon 
Unit  (Section  30.3.7). 

The  operation  of  the  range  unit  is  described  as  follows:  A  trigger  amplifier 
is  used  to  start  a  I  me  counter  and  a  delay  phantastron,  and  also  trigger  the 
storage  switching  circuit  from  "read"  to  "write"  condition. 

The  delay  phantastron  provides  a  fixed  delay  time  to  eliminate  all  signals 
within  a  minimum  unde.sired  range.  This  delay  triggers  a  Murage  sweep  cir¬ 
cuit  which  furnishes  sweep  voltage  for  storage  and  also  a  gate  voltage  if>r 
allowing  video  to  be  stored. 

The  storage  sweep  circuit  triggers  an  erase  circuit  on  flyback  which  furn¬ 
ishes  a  seconti  sweep  for  the  tubes  as  well  ns  an  erase  voltage  applied  to  the 
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tub«  in  the  retd  condition  by  the  erase  gates,  reading  being  an  erase  proceu. 
The  tube  in  the  read  state  is  erased  at  the  end  of  the  storage  sweep.  The 
storage  sweep  and  erase  sweep  are  mixed  and  a  push-pull  deflection  amplifler 
feeds  the  horizontal  deflection  plates  of  the  Radechons. 

The  video  Is  applied  to  a  trigger  gate  circuit  which  allows  a  trigger  to  be 
passed  only  during  the  storage  sweep.  This  triggers  a  monostable  multi¬ 
vibrator,  standardizing  the  input  video.  This  standard  video  is  then  applied 
to  the  grid  of  the  storage  tubes  through  an  OR  circuit  where  it  is  mixed  with 
the  trase  intensity  gates. 

Readout  is  accomplished  by  supplying  a  15  me  r-f  voltage  to  the  tube  in 
the  read  condition.  The  stored  spot  is  Intersected  at  a  30  me  rate  and  a  30 
me  amplifler  provides  a  readout  pulse. 

The  readout  Is  shaped  and  u.scd  to  stop  the  I  me  counter. 

If  no  readout  is  produced,  a  reset  is  obtained  from  the  flyback  of  the 
erase  sweep  which  also  stops  the  counter. 

Focusing  of  the  storage  tubes  Is  accomplished  by  storing  In  one  pulse  and 
reading  out  continuously  with  the  focus  multivibrator.  The  readout  wave¬ 
shape  time  is  proportional  to  the  spot  diameter  and  can  be  adjusted  by  the 
focus  control. 

30.3*12  Signal  Simulators 

In  the  development,  maintenance  and  test  of  complex  intercept  or  active 
countermeasure  systems,  signal  simulation  Is  a  prime  requirement.  It  l.s 
important  tha*  maintenance  personnel  have  tc£t  equipment  which  will  enable 
them  to  do  the  simple  tasks  such  as  checking  receiver  sensitivity  and  also  to 
accomplish  tracker  and  transmitter  programming.  An  engineering  field  test 
by  airborne  equipment  should  nut  be  eq*  *  \  to  check  out  a  countermeasure 
system. 

It  is  usually  a  simple  task  to  constri*  .  a  simulator  tailored  to  the  specific 
system  requirements.  The  simulator  can  trigger  or  modulate  a  standard 
signal  generator  whose  output  can  be  coupled  through  directional  couplers  to 
the  receiving  and  analysis  equipment.  Dry  runs  and  system  checkout  can  be 
accomplished  by  merely  throwing  a  switch.  Programming  procedures  can  be 
simulated  either  on  a  video  or  r  f  huU.  It  U  often  desirable  to  build  simula¬ 
tion  equipments  to  check  out  equipment  subsystems  to  avoid  involving  the 
whole  countermeasure  system. 

Examples  of  countermeasure  simulators  are  listed  below. 

1,  Scanning  radar  burst  simulator;  see  Figure  30-27.  The  block  diagram 
is  self-explanatory. 

2.  Beacon  signal  and  ranging  simulator,  simulating  jamming  eflcct  of  miss¬ 
ing  pulses  and  extra  pulses.  The  beacon  signal  simulator  of  Figure  30-28  is 
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UMfui  In  quickly  checking  the  Non-Periodicity  Correlator,  the  Pulse  Position 
Correlator  and  Range  Unit.  The  simulator  provides  at  one  output  a  simulated 
beacon  response  where  pulses  may  oi  may  net  be  missing  in  variable  amounts. 
The  pulses  are  gated  out  in  a  random  fashion.  The  output  for  the  Pulse  Petition 
Correlator  contains  an  unsynchronixed  beacon  pulse  train  with  mixed  pulses  at 
a  controlled  range  which  are  synchroniied  with  the  simulated  transmitter  pre¬ 
trigger.  The  transmitter  pretrigger  and  Pulse  Position  Correlator  outputs 
provide  a  means  of  checking  range  systems.  The  motor-driven  delay  simulates 
range  rates. 


Piovsi  iO-27  Scanning  radar  burst  Ptuvax  30-3S  Block  diagram  o(  beacon  dgnil 
simulator  and  ranging  simulator 

S0.4  Trftnsmltter  Circuita 

80.4.1  Pulsed  TrengmiUer  Duty  Cycle  Monitor 

The  duty  cycle  of  a  pulsed  transmitter  must  normally  be  controlled  to 
prevent  damaging  the  power  oscillator  tube.  This  problem  requires  special 
attention  when  variable  pulsewldths  and  repetition  rates  are  employed.  Nor¬ 
mally  the  pulsewidth  is  determined  by  the  tactical  situation  And  the  prf  Is 
adjusted  for  the  desired  duty  cycle.  In  most  cases  the  prf  Is  maintained  at  its 
maximum  possible  value  depending  upon  the  duty  cycle  specified  by  the 
power  oscillalor  tube  manufacturer. 

The  duly  cycle  of  a  transmitter  Is  given  by 

D  =  W!  (3C-I) 


where  D  the  duty  cycle 

W  =  the  transmitted  pulsewidth 
/  r=  the  repetition  rale 

The  above  relationship  Indicates  that  for  a  constant  duty  cycle  the  prf 
must  vary  Inversely  with  the  pulsewidth. 
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The  basic  repetition  rate  generator  is  a  plate-to-grid  coupled  astahle  multi¬ 
vibrator  with  the  grid  return  voltage  connected  to  a  variable  voltage  source 
which  provides  a  voltage  projwrtional  to  the  puUewidth,  The  multivibrator 
is  illustrated  in  Figure  30-29. 


fiottsK  30-29  PRK  muUlvIbrstor  sud  *h«ptnii  circuit 
For  a  symmetrical  multivibrator,  the  period  of  oscillation  is  given  by 


T  =  2KC  In 


where  =  grid  return  voltage 

Hi  =r:  plate  voltage  swing  during  transition 
/iV  ==  tube  cut-off  voltage 
R  =  grid  resistance 
C  ^  pinte-to-grid  timing  capacitor 

Inverting  we  get 


For  values  of  H,,  '  0 


(30-2) 


(30-3) 


I  HE 


u 


I  =  A 


(iO-4) 


SUITLKMKNTARY  C»iU  UITS  AND  TFX'HNIQUES 


30-31 


The  constants  A  and  B  can  be  evaluated  graphically  from  Eq  (30-3). 
The  fact  that  the  prf  has  a  linear  relationship  to  the  grid  return  voltage 
makes  it  {x)S5{ble  to  use  this  circuit  to  provide  a  constant  duty  cycle  for 
’T,rlable  pulsewidths. 

For  the  pur{>o5e  of  this  di:<v.vsion  it  is  assumed  that  the  pulsewidth  of  the 
transmitter  is  step-variable.  By  closing  switches  the  width  is  Increased  by 
Axed  increments.  Figure  30-30a  shows  a  bridge  voltage  divider  circuit  to  pro¬ 
vide  voltage  /s„  as  a  function  of  the  number  of  pulsewidth  increments,  A’. 
In  Figure  30-30b  the  circuit  has  been  reduced  to  its  approximate  equivalent 
circuit.  Et  and  Ej  are  voltages  to  be  determined.  /C  Is  a  constant  and  n  Is  the 
number  of  pulsewidth  switches  closed.  It  is  assumed  that  the  on-off  switches 
controlling  the  number  of  pulsewidth  Increments  switch  the  bridge  resistors 
In  and  out. 

From  Figure  30-30, 


M  1  K 


(30^5) 


SubslitwiJng  /Cj  equal  to  A/B  and  contbining  Fq  (30-4)  and  (30-.^)  yields 


/  =  A 


(A  +  BEt) 


«  d  A' 

Multiplying  each  side  of  (30-6)  by  A’  we  get 

,v/  =  .v,v<''  I, 

.*»  d  A 


(30-6) 


(30-7) 


Note  that  A’  and  «  are  dlfferc»nl.  A’  Is  the  actual  number  of  |>ulsrwidth 
increments,  n  the  number  of  bridge  switches  closed,  Willi  no  switches 
closed  let  .V  be  2.  Then  If  A'  Is  otiurd  to  2,  K(\  (30-7)  reduce::  to 


A7  =  A  (  I  i 


(30-8) 
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For  a  constant  duty  cycle 

(/I  +  ^£i)  =  Constant  (30-9) 

For  small  values  of  K  such  as  2,  Ex  may  be  large.  With  E;  of  450  volts 
it  is  possible  to  obtain  a  10  to  1  variation  in  pulsewidth  and  control  the  duty 
factor  within  rt  10  percent. 

The  automatic  control  of  duty  cycle  with  continuously  variable  pulsewidth 
Is  possible  by  converting  pulsewidth  measurements  into  an  analog  voltage  and 
using  the  same  prf  control  circuit  illustrated  in  Figure  30-29. 

30.4.2  Transmitter  Automatic  Froqiiency  Control 

High  performance  countermeasure  systems  require  that  the  Jamming  trans¬ 
mitter  be  capable  of  scanning  and  stopping  In  frequency  rapidly.  Also  they 
must  be  accurately  set  on  frequency  at  critical  times.  This  is  dinlcult  to 


Fiui'rc  JO-.M  Hluck  dusrain  of  trinuniltter  sft  iyitem 
f.  r  mcvhsnlcslty  tuned  ofcillstnrt 

accomplish  when  the  transmitter  is  mechanically  tuned.  Two  afe  systems  are 
descril>ed  below.  The  Hrst  Is  applicable  to  mechanically  tuned  magnetron  ok- 
illators.  The  second  Is  applicable  tt)  a  voltage  tuned  carclnotron  oscillator. 

30.4.3  AFC  System  for  m  Mechanirally  TuiichI  Transmitter 

A  bltK'k  diagram  of  an  afe  system  for  a  mechanically  tuned  transmitter  Is 
IliURtiated  in  Figure  30-31.  The  frequency  contrtd  Is  accomplished  In  two 
steps,  coarse  and  fine,  'I’he  coarse  frequency  control  Is  a  p:)sltion  serv»)  which 
will  set  the  transmitter  frequency  within  !0  me.  At  this  |M)lni  the  nnc  fre¬ 
quency  contr«>l  takes  over  and  fine  tuning  accompllshcMl.  'I’hc  backward 
wave  reference  0Hcilialt)r  is  tuned  with  a  d-c  voltage.  A  potentiometer  on  the 
tuning  shaft  t»f  the  magnetron  has  a  v(»ltiigr  ap{)lied.  A  position  srrvo 
matches  these  two  voltages  to  accomplish  the  coarse  tuning. 

For  Tme  tuning  of  the  transmitter,  a  small  umounl  of  r-f  energy  from  the 
transmitter  ‘s  mixed  with  r*f  from  the  reference  oscillator.  The  output  of 
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the  mixer  Is  (impilfled  in  i  30  me,  wideband,  i-f  amplif^.er.  llie  reference 
oscillator  is  normally  30  me  below  the  transmitter  frequency.  The  image  is 
removed  by  the  coarse  frequency  control  system. 

The  i-f  ampliHer  provides  an  output  of  video  pulses  and  also  a 
ator  output.  The  discriminator  output  is  pulses  which  vary  in  Hmp!itu<t^ 
from  —10  to  “4  10  volts.  The  presence  of  the  video  pulses  cttuses  the  afe 
system  to  switch  from  coarse  to  Ane  control.  The  pulses  from  the  discrimi¬ 
nator  are  stretched  and  peak  detected  to  obtain  a  d-c  control  voltage  to 
drive  the  Ane  tuning  ser\’o. 

When  a  stop  signal  Is  applied  to  the  afe  circuit  the  reference  oscillator  Is 
Arst  stopped  because  it  is  voltage  tuntd.  Then  the  transmitter  will  align 
itself  with  the  reference  frequency. 

30.4.4  AFC  System  for  Voltage  Tuned  Tranamitters 

The  block  diagram  of  Figure  30-32  illustrates  an  afe  system  by  which  a 


FiauRK  JO'.U  Block  dlagrtm  of  ftfc  lymrm  for  voUngr  tuned  lr«niiir.!ttfr 

high  fK)wer  backward  wave  carcinutron  oscillator  Is  conlrolicd  by  a  low 
level  reference  signal.  The  o|>crHtlun  is  fully  automatic  in  the  search  and 
lock -on  phases  oi  o{)eratlon,  From  any  off- frequency  condition  the  time  re¬ 
quired  to  lock  on  Is  le.HS  than  one  second.  The  system  cun  track  at  rates  of 
300  me  |>er  second  |)rr  second  with  n.i  error  of  I  me,  and  can  be  o|>vralcd 
with  any  (y|>e  transmitter  mmlulation. 

The  afe  system  of  Figure  30-32  has  two  mwics  of  operation,  sciirch  and 
lTx:k-on.  The  M»arch  o|>er:ilion  Is  useful  to  place  the  tian.^mllter  oscillator  on 
frequency.  The  phnntastron  sweep  generator  generates  a  .Hawt<H)lh  of  a  1- 
seennd  ptrlod.  *rhls  wtwt<M)th  controls  the  tuning  vtillag**  «if  the  carclnotron 
by  adjusting  the  reference  voltage  of  the  |M)wer  supply  regulator.  During  the 
search  phase  the  {)hantastron  runs  free  and  lycle.s  the  transmitter  tiitiing  over 
and  over. 

The  lock'on  pha.se  of  the  afe  operatUin  hohls  the  oscillator  on  the  desired 
frequency  once  It  ha.s  been  reached.  To  accomplish  Imk-on,  a  sample  of  r-i 
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energy  from  the  tranrmitiCr  oscillitor 
Is  mIxeH  tTlth  the  reference  r-f  in  a 
broadbanu  mixer.  The  output  of  the 
mixer  is  30  me  which  i»  amplified, 
limited,  and  detected  by  discriminat- 
tor.  For  all  types  of  modulation  the  out¬ 
put  of  the  discriminator  is  pulses.  For 
all  types  cf  mo^Iulation  except  pulse, 
Fiovse  so-33  Frequency  control  a  keyer  is  used  to  pulse  gate  the  i-f, 

phintaitron  puises  a.^e  amplified  and  generate 

a  proper  waveform  to  maintain  the  phantastron  in  a  quasi  ^stable  condition 
in  which  the  sweep  voltage  generated  is  stopped  and  held.  In  this  condition 
the  control  loop  is  complete  and  the  transmitter  frequency  will  track  the 
reference  frequency.  The  phantastron  circuit  is  .shown  in  Figure  30-33. 

The  image  suppression  amplifier 
prevents  locking  on  the  lower  side¬ 
band.  The  System  uses  the  lower 
sideband  to  open  the  gate  which 
will  then  allow  pulses  to  reach  the 
clamp  circuits.  This  is  Illustrated  in 
Figure  30-34.  The  operation  is  as 
follows:  The  transmitter  starts 
sweeping  at  A  and  the  first  output 
from  the  discriminator  ap[)eara  at 
H.  These  arc  positive  pulses  which 
are  not  passed  to  the  clamp  ampli¬ 
fiers  because  the  gate  Is  closed.  At  C  pulses  come  from  the  sideband  ampli¬ 
fier  and  u|>en  the  gate.  Fositlve  pulses  are  no  longer  available  from  <hc 
discriminator  and  no  pulses  will  appear  at  the  clamp  amplifier.  The  system 
is  now  susceptible  to  UKking  action  when  |K)sltive  pulses  are  available  from 
the  discriminator.  This  hapjMpns  at  D  when  the  discriminator  output  Is  first 
negative  and  then  {lositivc.  If  the  reference  pulses  are  lost  for  any  reason, 
the  gate  Is  closed  by  the  recycle  action  i>f  (he  phantastron  which  resets  the 
Idstaidc  tlip'llop 

30.4.5  Trantmitlrr  Ctunnl  llatifl  Olrculta 

(ii'nrd  band  clrr\iit-  are  rccjulrrd  to  eliminate  ttansmitter  radiation  at 
specific  prohibited  frrrtuency  bands,  't  his  is  accomplished  in  the  mechanically 
tiined  and  voltage  tuned  transmitters  by  blanking  the  modulator  when  the 
oscillator  is  tuned  to  these  fretiuencies. 

For  the  rase  of  the  mechanicaily  tuned  transmitter,  guard  band  cams 


Kioesr.  J0>.t4  l.ock-On  optrstlon  of  the 
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operftte  In  conjunction  vlih  roller  acl!v*iitd  mlcroswliche^  to  generate  modu¬ 
lation  blanking  gate^  whenever  the  transmitter  Is  tuned  through  the  preset 
reference  poiition. 

In  the  case  of  the  voltage  tuned  transmitter  described  in  Section  30.4,1, 
it  Is  convenient  to  arrange  for  the  reference  o^rlllntor  to  be  voltage  tuned. 
Amplitude  selection  circuits  arc  used  In  connection  with  the  tuning  voltage 
to  generate  modulator  blanking  gates  whenever  the  voltage  has  specific  levels. 
The  same  system  can  [y  used  with  the  mechanically  tuned  transmitter  by 
doing  the  same  thing  ^Mth  the  reference  oscillator  when  It  is  voltage  tuned. 

30.5  Recortling  Systetna 

30.5.1  Continuous  Recording  of  Intercept  History 

In  the  o{>erat{on  of  a  surveillance  type  receiving  system  it  is  often  important 
to  record  both  the  time  and  the  r-f  frequency  of  each  intercept.  Slow  si>eed 
chart  records  of  receiver  age,  frequency,  and  a  timing  signal  have  been  used 
In  the  past  with  .some  success.  A  new  method  has  been  devised  which  pro¬ 
vides  considerable  Improvement  in  resolution  of  time  and  frequency  data  and 
also  reduces  the  ‘‘bulk”  of  data  required  for  a  given  period  of  time.  This 
mclhwl  has  been  successfully  used  with  l)oth  mechanically  scanned  receivers 
and  electronically  scanned  receivers. 

This  method  uses  a  visual  storage  tube  (Memotrun)  and  an  oscillnscot>e 
recording  camera  (type  KD-2).  A  d*c  analog  of  the  receiver  tuning  is  used 
for  the  horixontal  deflection  of  the  storage  tube  and  a  raster  generator  dis¬ 
places  each  trace  vertically.  A  noise-riding  slicer  operating  on  the  receiver 
output  develops  a  stretched,  noise-free  signal  which  Is  used  to  intensity 
modulate  the  storage  tube  beam.  Thus,  a  blank  screen  Indicates  no  signal, 
an  intensity  spot  indicates  a  signal  present,  and  the  r*f  frequency  is  shown 
by  the  horixuntat  {Hwitiun.  A  vertical  line  Indicates  a  signal  present  each  time 
the  receiver  scans  that  frequency.  I)e|)en(llng  upon  the  number  of  trace*  In 
the  raster  and  the  rnelver  sweep  speed,  the  vertical  displacement  of  the 
s{M>t  indicates  the  time  of  the  intercept. 

The  raster  generator  used  in  this  unit  allows  selection  of  from  40  to  400 
tines  |>er  raster.  (Compensating  circulLi  allow  a  single  knob  control  for  this 
function  and  regardless  of  the  number  of  line.s  per  rn.sicr,  the  entire  us/ible 
sco|>e  face  Is  utlllxed.  The  numi>cr  of  lines  |>er  raster  are  no!  limited  to  400  , 
Raster.,  with  several  thousand  lines  arc  feasible  since  the  number  of  lines  are 
determined  by  the  resolution  required  In  tinu*  <»f  Intercept. 

The  camera  Is  triggered  on  the  recycling  of  the  raster  generator,  a  dngle 
frame  exposure  Is  made  just  prior  ij)  cra.'iiire,  and  a  lu-w  ru^iti  commences 
Immediately.  ICaih  picture  also  shows  »iu*  data  panel  of  the  camera  which 
Includes  a  chn’k  and  a  swiep  second  hand.  il  receiver  sweep  speed  tan  be  n?UI 
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consUntf  the  time  of  intercept  of  a  tiKnal  can  be  resolved  from  the  photo¬ 
graph  with  B  resolution  of  approximately  ±0.005  of  the  time  required  to 
generate  one  raster. 

The  sweep  speed  used  by  a  scanning  type  receiver  in  a  surveillance  opera¬ 
tion  is  usually  dictated  by  the  intercept  probab't:*v  requirement.  One  factor 
In  determining  the  8i)eed  Is  the  number  of  pulsi  .v  is  necessary  to  receive  to 
record  an  intercept.  In  this  method  of  recoiding,  a  single  received  pulse  is 
sufficient  to  verify  an  Intercept.  7'his  feature  will  usually  allow  the  receiver 


KiovRr.  Tyiilcsl  (rimc*b>-frsme  rfcnrdlnx  of  dsU 

rrcordvtl  b>  Memotron  storif?  ('lipUy  snU  Kt)*2  csmcri 

to  be  tuned  faster  tl.us  improving  the  intercept  probability.  Figure  30-35  Is 
an  example  of  data  recorded  by  the  Mem(>tron  storage  display  and  Kl)-2 
camera, 

30.5.2  F«Nt  (lotillituoui  Film  Rreordlii|g 

For  wideband  data  reiording  it  Is  )M)ssil}le  to  use  a  higi.  s|>eed  camera 
which  pas.ses  film  at  a  high  rate  ol  speed  l»y  the  face  of  a  cathixle  ray  tube. 
'I'he  motion  of  the  film  provides  the  time  scale.  'I'hc  video  le  |)e  recorded  Is 
applied  as  vertical  dellertlon  of  the  cathode  ray  tube  beam.  'Fhls  type  of 
reciirding  ct»nsumes  film  at  a  high  rate  but  this  can  be  e.'jpected  of  wideband 
reiordittg  systems. 

A  W'arrlck  camera  uses  film  speeds  «>f  125  feet  per  serond  and  can  stop 
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&nrl  start  rppidly  without  breaking  the  Aim.  Appropriate  data  analysis 
equipment  can  magnify  the  film  data  to  60  microseconds  per  inch. 


SO.StS  Multiplex  Reeortllng  Systems 

FM-FM  telemetry  techniques  are  readily  applied  to  multiplex  recording 
systems.  In  general,  standard  FM  telemetry  packages  will  produce  a  com¬ 
posite  signal  which  can  be  recorded  on  a  single  100  cps  to  100  kc  track  of 
magnetic  tape.  The  tape  bandwidth  Is  divided  between  the  multiplexed 
signals. 

A  block  diagram  of  a  mulitplex  recording  system  Is  illustrated  In  Figure 

30-36.  The  data  to  be  recorded 
are  applied  to  voltage  controlled 
oscillators  (VCO)  and  cause  the 
oscillator  to  shift  over  a  given 
frequency  band.  A  table  of  RDH 
standard  subcarrier  bands  is  shown 
as  Table  30^1.  The  output  of  the 
VCO's  are  mixed  and  tne  com- 
fx)sHe  signal  Is  recorded  directly 
on  a  magnetic  tape  recorder. 

A  timing  signal  can  be  recorded 
on  one  of  the  channels.  On  play¬ 


(«< 
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back,  a  set  of  Alters  are  used  to  separate  the  several  data  channels.  These 
Alters  arc  called  demultiplexing  equipment. 

The  multiplex  recording  system  Is,  in  general,  very  costly  and  complex. 
The  calibration  problem  is  also  multiplied.  It  would  probably  l>c  preferable 
to  use  a  14  channel  ta|>c  recorder  rather  than  multiplex  14  charnels  unto  one 
channel  of  magnetic  ttt(>c. 

A  multiplex  recording  system  will  not  be  required  unirss  the  number  of 
recjulred  channels  l.s  greater  than  the  number  of  recording  tracks  availuble 
on  a  single  tape.  Then  tl*e  use  of  a  r.nditpicx  system  sImpliAes  the  time  cor¬ 
relation  problems  of  data  analysis. 


Time  BaM*  for  HeeonMng  Mediums 

'rhere  are  many  recortdng  mediums:  magnetic  tape,  chart  recorders,  strip 
Aim  continuous  motion,  frame  by  frame  photography,  digital  printers,  etc. 
\Vhen  records  are  made  on  more  than  one  instrument  diiring  a  single  opera¬ 
tion,  time  correlation  laUwern  the  various  recorders  Is  often  difficult  ospccliilly 
when  remote  •  tat  Ions  are  in'vdved,  The  thne  corrr!.'!t!''n  pr  ’i'lem  Is  such  ?h:'t 
a  universal  time  standard  Is  iic'res.sary ;  and  time  must  be  recoukc!  along 
with  the  data  on  every  record,  often  with  accuracies  of  a  fraction  of  a  second. 
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Radio  station  WWV  provides  the  required  universal  lime  reference.  This 
is  a  ti'mi;  reference  only.  Precision  timing  equipments  capable  of  generating 
accurate  timing  information  for  long  ()crlods  of  time  must  be  used  to  gener¬ 
ate  the  actual  timing  signals.  These  timing  signal  generators  can  be  refer¬ 
enced  to  WWV'  at  convenient  Intervals. 

Timing  signal  generators  are  commercially  available.  The  one  described 
here  is  manufactured  by  the  KKCO  of  Ivos  Angeles.  The  precision  ilmlng 
generator  wdl  drift  second  i>er  month.  If  the  unit  U  referenced  to 

WW'V  frequently^  timing  information  is  available  for  high  st>eed  records 
within  one  millisecond  of  absolute  time.  The  timing  code  Is  a  modlAed  binary 
form  applied  as  amplitude  modulation  to  a  100  cycle  dnusofd  for  high  or 
low  speed  records.  The  code  Is  illustrated  In  Figure  30*37. 
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Propagation 

A,  T.  WATERMAN,  4R. 


31.1  Introiluctlofi 

Radic-wave  propagation  ha&  an  inherent  roU;  in  nearly  all  applications 
of  electronic  countermeasures.  Whether  one  ii  receiving  radiations  from  an 
enemy  equipment  or  emlMlng  radiations  that  will  uffer'  an  enemy  eo.ulp- 
r^ent,  the  radiations  must  be  propagated  through  the  haervenlng  s(»ace. 
Normally  that  S|)ace  is  occupied  by  the  earth's  atmosphere,  and  i:  Is  the 
rule  played  by  the  various  atmospheric  constituents  that  niakes  projmgatlon 
a  dynamic  and  at  times  critical  censideration. 

This  chapter  will  aim  at  surveying  those  aspects  of  propagation  which 
are  of  most  direct  concern  In  countermeasures.  With  this  viewpoint,  it  will 
not  attempt  to  be  a  comprehensive  treatise  on  propagation  as  such.  Rather 
it  will  concentrate  on  factors  which  dIrecMv  affect  such  qimniities  as  signal 
level,  angular  deviations,  and  bandwidth  limitations.  Because  of  ihis  spetial 
emphirsls,  the  topics  discussed  will  be  introduced  in  a  manner  that  is  net 
entirely  systematic  from  a  propagation  vkw|>oInt.  Kffects  which  have  a 
reladvcly  simple  influence  on  transmitted  signals  will  l)c  introduced  first, 
even  tliough  they  may  In  some  cases  Involve  a  complicated  phy.skat  ptocess. 
t'orrespondingiy.  other  effccis  involving  simt)lrr  physical  pnicesses  may  l>e 
deferred  to  a  lat^r  discussion  if  their  role  In  countermeasures  is  a  confusing 
or  unpredictable  one. 

No  deliberate  attempt  will  be  made  to  cover  ihc  various  frequency  ranges 
.Hystcmalic&lly,  However,  the  abnive  n  ''ntioneci  treatmrni  will  in  some  respects 
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involve  A  sequence  that  bcftln^  at  the  high  frequency  enH  of  the  spectrum  and 
proceeds  downward. 

There  will  be  a  need  to  limit  the  dlKUSsion  In  many  Instances.  Electronic 
countermeasures^  In  the  broad  sense,  Includes  many  forms  of  activity,  extend¬ 
ing  over  A  vast  frequency  range.  To  delineate  the  coveruge  more  clearly, 
emphasis  will  be  placed  on  those  frequency  ranges  and  circumstances  In 
which  radai  countermeasures  are  important.  This  (s  not  to  Imply  that  only 
radar  countermeasures  are  being  considered.  Indeed,  specihc  reference  will 
^>e  made  at  times  to  countermeasures  against  communications  and  other 
radiating  systems.  However,  such  areas  us  infrared,  visible,  and  ultiavlclet 
radlailun  will  not  be  discussed.  Similarly  the  V'LF  end  of  the  spectrum  will 
be  given  only  light  treatment.  The  ranges  covered  will,  for  the  most  part, 
extend  from  a  little  below  30  megacycles  to  a  little  above  100  kilomefacycles. 

Finally,  the  discussion  will  be  aimed  at  present-day  and  unmediate-futurc 
needs.  N*o  attempt  will  be  made  to  s|)eculate  on  the  long-range  outlook, 
^/uch  problems  as  appropriate  countermeasures  for  an  Inlerspaceship  com¬ 
munications  link  will  hinge  or.  equipment  not  yet  developed,  frequencies 
not  yet  chosen,  and  pro^Krties  of  the  Imerplanelary  medium  not  yet  firmly 
ascertained.  1'he  propagation  environment  discussed  here  will  be  largely  that 
in  ivhich  the  earth's  atmosphere  plays  the  dominating  role:  propagation  be¬ 
tween  ground,  air,  and  satellite.  For  convenience  In  antlcipaiing  the  discus¬ 
sion  to  follow,  an  outline  of  the  mateiial  to  l>e  covered  is  given  here. 

UiKuiufoiis  of  line-of-sight  propagation  and  transhorUon  propagation 
constitute  the  remainder  of  this  chapter,  I’nder  llne-of^nighi  propagation  are 
cor.sidered  free-spacc  propagation,  molecular  and  Ionic  absorption,  tropo¬ 
spheric  and  ionospheric  dispersion  and  refraction,  and  polarisation.  Under 
transhorlzon  pro{)a gallon  are  considered  trojwspherlc  and  Ionospheric  re¬ 
fraction  and  scatter,  propagation  via  meteor  trails  and  via  aurora,  diffraction, 
artificial  modifications  of  the  propagation  medium,  and  transhorison  ranges. 
The  list  of  KCM  categories  below  will  be  used  as  n  guide  in  referring  to 
s|>eciAc  applications,  .although  this  list  may  ovrrsln.pilfy  the  svibject  of 
countermeasures  iind  the  role  propagation  plays  In  It.  As  each  iy\ye  of 
pro|)agatiun  is  discussed,  its  |H)trntial  role  in  \hk  ciassiftcatlun  of  counter¬ 
measures  activities  will  l>c  mentioned. 

Active  countcrmcasu»'e3 
Power  Jamming 
Sptxifing  (deceptive  Jtmmln*;) 

!*ttsslvc  countermeasures 
i  detection 
Locating 

Detailed  signal  analysiri 
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3Ir2  LineH>f«Slght  Propagviion 

A  Iftrge  portion  of  the  trtnsmlssionii  which  are  of  concern  in  military  ip- 
plicktions  deal  with  propagation  between  two  points  lying  within  llne-of-aight 
of  each  other.  Although  thcM  situations  are  often  \m  Interesting  than  those 
involving  more  rxterded  coverage,  they  are  of  basic  Importance  and  serve 
as  a  convenient  general  reference. 

3L2.1  Free-Space  Propagation 

If  radio  power  Pr  is  transmitted  ^om  an  antenna  having  gain  Gr  (with 
respect  to  a  theoretical  Isotropic  radiator),  then  the  power  Pn  delivered  to  the 
matched  load  of  a  receiver  connected  to  an  antenna  of  gain  Gft  at  distance  d 
from  the  transnkter  is 


where  A  is  the  wavelength  (measured  In  the  same  units  as  d)  (Referenros 
i,  2,  3,  and  4).  The  quantity  In  square  brackets  U  a  geonatrlcal  quantity 
only.  It,  or  rather  Its  inverse,  represents  the  loss  which  must  be  overrode 
by  the  other  quantities,  which  are  ail  man-made  {transmitter  power,  antenna 
gains,  and  receiver  sensitivity).  When  expressed  in  terms  of  frequency  }  in 
megacycles  and  distance  d  In  mlle^  the  inverse  of  (he  quan:Uy  In  square 
brackets  is 


4.56  X  iOTrf" 

It  ic  useful  to  have  a  feeling  for  some  typical  magnitudes  of  this  free-spacc 
transmission  loss  (Reference  5).  For  example,  ai  a  frequency  of  10, (XX)  me 
and  a  distance  of  !00  ndie.s  this  loss  expressed  In  decibels  Is  1S7  db. 
Such  a  transmission  loss  can  be  overcome,  for  exatnple,  by  a  transmitter 
power  of  100  kw  (80  dbm)  a  receiver  sensitivity  of  *-40  dbm  (crystal 
video)  mid  a  combined  antenna  gain  (transmitting  plus  receiving)  of  40  db. 
All  this  add.s  up  to  160  db,  giving  a  3-db  margin  over  the  free-.space  lo^H. 

Because  transmission  loss  varies  as  the  square  of  both  frequency  and  dl.s- 
lantc  in  ICq  (31-2),  the  sample  figure  of  1S7  db  loss  would  apply  also  to  a 
frequency  of  IJOO  me  and  1000  miles,  or  to  a  frequency  of  tOO  me  and 
10,000  miles,  or  altemailvcly  to  100,000  me  and  10  miles.  Thus,  other 
things  being  c<|nal,  frce-space  propagation  favors  the  lower  frequencies.  To 
the  extent  that  other  things  (tiansmlllrr  |X)wcr,  receiver  sensitivity,  antenna 
gains)  are  not  eiiual,  the  lower  frequencies  lend  to  be  even  more  strongly 
favored. 
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Thf  above  aample  Azures  indicate  that  typical  h<gh*powered  radar  at 
X^band  could  be  detected  at  diitancei  of  t>e  order  of  100  miles  without 
excessively  sensitive  receiving  equipment.  Another  20  db  Increase  of  receiver 
sensitivity  (to  — oO  dbm)  would  extend  this  range  to  around  1000  miles. 
On  the  other  hand,  at  nlgher  frequen'^les,  good  receiver  sensitivities  and  high 
transmitter  powers  .ire  harder  to  come  by,  to  that  transmlsi!on  ranges  are 
limited  by  f^-ee-space  attenuation  abne.  There  Is  thus  a  transition  region  In 
the  neighborhood  of  10  to  30  kmc  below  which  a  high-powered  gronnd-based 
transmission  may  be  received  anywhere  within  llne-of-stght  in  the  earth's 
atmosphere.  The  reciprocal  situation — grouna-based  reception  of  airborne 
transuiisslofi — Is  also,  of  course,  true. 

These  remarks  apply  to  free-spacc  transmission  only.  Other  factors  may 
enhance  or  diminish  received  signal  strengths.  These  factors  are  diKUSsed  In 
the  next  sections. 

Ll.teof-Slghk  Propafatlon— Absorption 

Tne  simplest  modiAcation  of  line  of-slght  propagation  introduced  by  the 
atmosphere  U  the  literal  absorption  of  power  by  certain  atmospheric  consti¬ 
tuents  (References  I  and  3).  All  of  the  absorption  mechanisms  are  frequency 
sch.iillve,  some  extremely  so.  Hroadiy  s|>eaking,  there  are  two  general  cate- 
gorki  or  absorption  o^ieradve  in  the  frequency  ranges  of  interest.  The  first  U 
molecular  st«nrjiflcn,  prlncljvilly  by  water  va^jor  and  oxygen.  It  !s  effective  In 
varying  rWrecs  ut  f'^equvncles  above  10  kmc.  The  second  Is  Ionospheric 
absorption,  arising  from  collisions  l>etween  free  electrons  and  molecules.  It 
con  be  effective  below  50  me. 

31.2.2.1.  Moircii^ar  Absorption.  Most  of  the  absorption  arming 
from  molecular  resonances  of  the  gaseous  constituents  of  the  atmosphere  Is 
ullrlbutfd  to  water  vafKir  and  oxygen.  There  arc  several  absorption  (>ands 
fjr  rath  (Kcfcrciices  6.  7,  and  H)  Water  vapor  has  bands  centered  al  22 
kmc,  170  kmc.  am!  some  above  300  kmc  (A  <  I  mm).  Oxygen^s  absorption 
kinds  in  this  frequency  range  center  at  tO  kmc  and  1 IV  kmc. 

When  attinuation  of  a  .signal  results  from  uniform  absorption,  the  signal 
(livrcaHVH  ex|>oMen(iatly  whh  distance,  (.’onseouently,  the  rate  of  attenuation 
a  Is  a  constant  number  of  decibels  per  unit  distance.  Where  A  =  absorption 
(in  decibels),  ji  =r  decll)els  per  mile,  and  d  ^  mlle.i, 


.1  tr: 
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The  rate,  for  two  absorptive  agtMU.s  .sinuilluneously  |)reseni,  U  additive,  and 


PROPAGATION 


31-5 


the  tbiorptive  attenuaiion  i»  to  be  added  to  the  free-tpace  attenuation  (in 
decibels) .  When  the  absorbing  ^gent  is  not  uniformly  distributed  over  the 
transmiasjon  path,  the  total  absorptive  attenuation  must  be  integrated  over 
the  path. 

Naturally  the  magnitude  of  the  abaorptior.  coefndent  a  depends  on  the 
density  of  the  gas  through  which  the  wave  pasae«.  In  the  ca^e  of  oxygen,  the 
density  depends  almost  entirely  on  altitude  only,  and  so  is  predictable.  The 
density — and  thus  also  the  absorption  coelDcient  ^---decreases  ea}>onentialiy 
with  altitude,  with  a  scale  height  //  of  about  I  miles;  that  is,  the  density  has 
decreased  to  1/e  of  its  surface  value  at  a  height  of  5  miles;  alternatively, 
the  total  o.xygen  in  the  atmosphere  if  the  same  as  would  be  contained  in  an 
atmosphere  5  miles  \hlck  having  uniform  d*>nsity.  Thus  the  total  attenuation 
A  due  to  oxygen  absorption  for  a  wave  traveling  vertically  upward  throv*gh 
the  entire  atmosphere  is  ftvc  times  the  number  of  decibels  per  mile  applicable 
at  ihe  surface  for  thr  frequi^ncy  In  question. 

For  a  wave  traveling  obliquely  through  the  atmosphere,  an  exact  evalua¬ 
tion  is  a  little  more  Involved.  However,  a  reasonably  good  approximation  for 
ground-io-s;)ace  propagation  can  be  obtained  by  assuming  9in  atmosphere  of 
constant  density  (and  thus  constant  absorptive  attenuation  rate)  and  of  a 
thickness  equal  to  the  scale  height;  the  effective  length  of  trajectory  d 
through  this  atmosphere  is  then  calculable  geometrically  (Figure  31-i). 


Fic>usx  Geometry  fur  itandard  ray  calcutatlonk 

When  the  take-off  angle  is  aero  (tangent  ray),  the  effective  length  of 
path  d  is  given  apprt^xlmately  by 


d^\f2H  (31-4) 

wh*re  d  is  In  miles  and  //  is  in  feel. 

The  distribution  of  water  vai>or  In  the  atmosphere  Is  not  the  same  as  that 
uf  L.;ygcn.  Water  vapor  clccrerises  more  rapidly  with  altitude,  so  that  If  the 
concept  of  scale  height  were  a;>|>het!  It  would  have  a  smaller  value, -^~|>erhiips 

2  miles.  However,  the  principal  difference  lies  ir  the  extreme  variability  of 
the  water  content  of  the  atmosphere,  which  may  easily  vary  by  a  factor  of 

3  or  4  at  one  locality.  This  means  that  the  decibel  value  of  the  absorption 
can  vary  by  a  slmllai  factor.  C^onsecpienlly  the  figure**  quoted  below  must 
be  consirtcred  Hexlble. 
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The  four  prlricipn]  absorption  peaks  in  the  frequency  range  below  300 
kmc  arc  listed  In  Table  31-!.  Two  of  Iheie  arc  for  water  vapor  and  two  for 


TABLK  SLl.  OAiroui  MotrruLAK  A).iOReTtoi«  Handc 


Kreqjcncy  (kne) 

22 

60 

119 

170 

Ab:iorpti'm  corfHcirnt  (do/mi) 

0.20 

20 

2.7 

Abtorbing  ismt  j 

1  HaO 

0, 

Oi 

. . j 

HffO 

oxygen.  The  abeorptlon  coefdclents  Hated  apply  to  conditions  at  lea  level 
and,  in  the  rase  of  water  v^por,  are  intended  to  be  representative  of  average 
temperate  climates. 

If  we  take  these  figures  and  apply  them  to  four  coses  of  one-way  propa¬ 
gation  we  can  obtain  «n  idea  of  ihe  strength  of  these  absorption  bands.  The 
four  uses  selected  for  illustrative  purposes  are  (1)  verilcal  propagation 
from  ground  to  10  miles  height,  (2)  the  same  to  300  miles  height,  (3) 
oblique  propagation,  tangent  to  the  ground,  out  to  a  height  of  10  miles  (300 
miles  slant  range),  and  (4)  the  same  to  a  height  of  300  miles  (1800  miles 
slant  range). 

TAHLK  Jl-U.  Attsnvation  at  AikosrrioN'LtNK  Frkouknciu 


Fr.qucncy 

(kmc) 

22 

60 

119 
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TransmUtlon 
pttht  from 
lurfBCS 
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96 
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to 

Frrr  :psci* 
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Ub 
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10  ml 

Absorptloh 

(dbi 

IfM 
ihBn  1 

too 

14 

96 

Vcrlicnlly 

to 

JOC  m( 

yrrv-npatf 
AurnuBiion  (db) 
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1H3 
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AbftorpUoh 

(db) 
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'  191 
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i _ 

'  204 
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Table  31*1!  lists  the  total  absorption  in  each  of  tiic  four  cases  for  the  four 
absorption  bands  For  comparison,  the  free-space  attenuations  are  also  listed, 
for  each  of  these  sixteen  categories.  Some  Interesting  obbervations  can  be 
made.  For  transmission  vertically  upward,  the  water-vapor  absorption  at 
22  kmc  is  negligible.  At  alt  frequencies  (below  300  kmc)  the  verticabtrans* 
mission  absorption  is  leu  than  the  Iree-space  attenuation,  Ihou^th  it  can  be 
very  large  (on  the  order  of  100  db  at  the  slrongci*  absorption  |)eaks).  The 
total  absorption  for  a  tangent  ray  penetrating  the  atmosphere  Is  hopelessly 
large  (more  than  several  hundred  decibels)  for  all  absorption  peaks  except 
the  lowest  ouc  for  water  vapor;  even  here  It  is  appreciable  (around  30  db). 

At  frequencies  Intermediate  between  these  absorption  peaks,  the  situation 
Is  a  little  more  compiicattu,  Eiich  »usorption  line  is  broadened  by  virtue  cf 
the  thermal  motion  and  cotlUions  of  the  air  molecules.  Consequently  at 
t^rmediate  frequencies  the  bands  overisp,  However,  not  only  does  the  den¬ 
sity  decrease  with  height,  but  also  the  collision  broedetilng  decrease:.  As  a 
v’Mult  the  absorption  valleys  between  the  {>eaki  become  more  exaggerated  at 
Increased  heights.  The  three  valleys  biHween  the  four  peaks  di^raHsed  al>ove 
occur  roughly  at  the  frequencies  and  have  the  approximate  sea-level  net 
absorption  coefficients  given  in  Table  31-111. 


TA3LK  J'-IU.  AsbosrrsoN  Minima 


yrrqucncy  (kmc) 

so 

220 

t'omblnrd 

on 

0  M 

A 

absorption  ro«t- 

ficknt  (db/nd) 

The  lower  two  of  these  minima  are  sufficient  to  permit  oblique  per>etra- 
tion  through  the  almosphere.  Picking  a  few  topical  fre(|Ufncle.H.  we  muy  ritl- 
matc  the  total  attenuation  for  c  tangent  ray  hs  tn  Table  JI-IV.  From  thi.s  It 
can  be  seen  that  below  100  kmc  the  total  absorption  Is  overwhelming  only 
In  the  region  around  the  60  kftic  absorption  band.  Above  100  kmc  It  also 
becomes  prohibivivc.  However,  below  nlxiut  45  kmc.  and  again  l>ctween  75 
and  100  kmc,  It  may  be  tolerable  (or  some  appticatior.s. 

There  are  other  absorbing  ga.ses  In  the  HtmiJspherc,  but  generally  their 
absorption  toefficlenti.  are  only  a  fraction  of  a  dcclM  per  mile  and  ceruilnly 
are  ov^Tsh.'ulowcd  by  water  va|)or  and  oxygen.  1*he  uIkjvc  discussion  Is  in¬ 
tended  to  give  u  genera)  picture  of  the  problem  for  long  paths  and  for  .some 
of  the  worst  ca.ses.  In  nlr-to-air  o.‘  alr-to-soare  situtUions,  the  strong  nbsorp- 
tlon.s  applicable  near  the  earths  surface  will  be  dimlrd.shed. 

S2.2.2.2.  loiiosphrrir  Ahaorptloii.*  A  radio  wave  propagating 
through  the  Ionosphere  excites  the  free  electrons  it  encounters  Into  mol  Ion. 

♦sri>  krffTcncc*i  0,  to.  I),  U,  XH. 
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TABLE  31-lV.  Total  Aiiopi»Tto:f  or  a  Tancint  Ray  Pikktkating 
EAiTIl'ft  ATMOirhlLXC 
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to 

22 

S3 

40 

30 
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SO 
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Abwrpdoa 
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a 

a 

29 

20 

29 
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a 

58 

Principal 
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H^O 

r 

1 

0, 

— 
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Poiliton  in 
Abiorptlon 

Spectrum 

Max 

Min 

1 

Max 

Min 

Wh^n  electrons  collide  with  «ir  molecules  they  give  up  some  of  their 
energy  to  the  neutral  molecules.  In  this  way,  power  Is  abstracted  from  the 
IMssing  wave.  The  attenueticn  suftcred,  when  the  medium  is  uniform,  varies 
ex{>onentlally  with  distance.  It  the  mediunt — and  thus  its  absorption  co¬ 
efficient — varies  along  the  transmission  path,  the  total  absorption  will  involve 
an  integration  atong  the  path.  In  the  case  of  ionospheric  abMirption,  the 
absorption  coefftclent  is  proj>orMofia!  to  the  numbers  of  free  electrons  A’  [kt 
unit  volume  and  to  the  average  frequency  of  collisions  v  cf  an  electron  with 
neighboring  moIecule.s;  It  is  inversely  prot>ortional  to  the  square  of  the  radio 
frequency  /  (at  frequencies  above  10  me): 

fli  «  (3i-5) 

The  collisional  <re<tuenty  jwr  eleclron  decreases  c3t|jontnilaIly  with 
height.  The  electron  density  Is  iow  near  (he  surface,  begins  to  increase  In 
the  l)-layer  around  40  miles  altitude,  and  lakes  a  marked  increase  in  the 
Ivlaycr  l>cglnni.ig  around  60  miles.  'Phe  pnxluct  of  the  two  (A'l )  reache.s  a 
maximum  In  the  50-mile  high  region. 

'I'ypical  magnitudes  arc  such  that  the  alatorpljon  !.h  greotc.Ht  at  frrcjucncies 
which  are  rejected  from  the  standard  ionospheric  layers  (a  few  megacycles 
or  so).  At  a  frequency  of  30  me,  the  absorption  in  the  wor.st  caic  Is  rarely 
more  than  one  decibel.  At  higher  frHjuencle.s,  Ix.tvuMc  of  the  inverse  frj- 
(jueiu‘y-M|uared  relation,  Ionospheric  absorption  is  entirely  negligibie, 
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SI.2.S  Ltne«of«8tght  Propagatiou— -DItpertlon 
A  signil  pro^!igated  ihrou^^  a  dispersive  medium  may  suffer  dlstcrllons 
owing  io  Ihc  fact  that  vek  J^y  of  propagation  Is  a  function  of  frequtrncy. 
Thus  the  phase  relationship-  between  high*frequcncy  com|>onenti  and  low- 
frequency  com|K)nents  may  slip  a  little,  resulting  In  a  distorted  wiivcform. 
I'hls  effect  turns  out  to  be  a  rather  academic  one,  since  the  dlstKrslon  Is 
never  sufficiently  strong  except  In  cases  where  other  harmful  effects  such  as 
absorption  are  predominant.  There  are  only  two  ty|>es  of  frequency  regions 
where  disperilon  can  be  of  even  academic  signihcaoce.  One  Is  in  the  neigh¬ 
borhood  of  the  absorption  bands  above  10  kmc,  and  the  other  Is  In  the  HF 
and  VHP  region  affected  by  the  ionosphere 

al.2.3,l<  Tropospheric  Dlaperaiun<>  Near  each  of  the  nclecuiar 
rcKJnances,  ♦here  Is  an  Inherent  relation  between  absorption  and  the  rate  of 
change  of  refractive  index  with  frequency  (References  I  and  3)  If  one 
ronildert  a  narrow  pidie  (say  a  fraction  of  a  microsecond),  and  computes 
the  distance  it  would  have  to  travel  before  its  higher  frequency  components 
have  slipped  appreciably  In  phase  from  Its  lower  frequency  Ci}mt>unenta,  one 
And?  that  the  absorption  suffered  in  traveling  this  distance  !s  far  more  sig- 
nIAcar.t  than  any  pulse  distortion  suffered,  The  effects  of  literal  dls|)ersl‘m 
In  the  troposphere  are  negligible, 

3I.2«3.2.  ionospheric  Dlaperalont  The  refractive  Index  of  the 
Ionosphere  is  inherently  a  function  of  radio  frequencies  (References  II,  12, 
13,  and  14).  C’onscouently,  dispersion  h  always  present  to  some  extent  and 
Is  not  closely  linked  to  absorption.  The  distortion  a  pulse  or  other  wideband 
signal  nmy  suffer  depends  on  the  mtegrated  electron  density  along  the  trans¬ 
mission  path  and  on  the  frequency.  I’recl.se  compulations  are  complicateil  by 
the  fact  that  the  higher  frequency  components  may  folio* v  a  path  slightly 
different  from  the  lower  frequency  com|X)nents,  However,  reasonably  good 
estimates  {nditate  the  following  values  of  minimum  pulsewitlih  which  could 
be  transmitted  through  the  cnilrt  ionosphere  obliquely  umler  strongly 
ionized  conditions  without  suff'^rlng  more  than  a  moilerate  amount  of  dis¬ 
tortion  (Table  31-V').  For  weakly  lonimi  conditions  and  for  transmission 
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\ertically  upward,  the  dispersion  is  less.  In  this  rase,  the  minlrnMm  undis¬ 
torted  pulsewldths  shoi^ld  be  le>s  by  a  factor  of  10  than  those  shiiwn  in 
I’able  3I.V. 
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U  li  evidfi.  *  %{  these  pulsewidthi  ire  relitiveiy  narrow  for  the  issoclited 
frequencies.  Consequently,  dls;)crslon  Is  usually  not  t  serious  problem,  but  it 
lould  be  for  wideHcnd  trinsmissions, 

31.2.4  LlRe<if*Siiht  Propigifion— -Rrfric;ion 

The  refractive  Index  of  the  atmosphere  varies  with  p<M!tlon.  When  the 
variation  Is  small  in  a  distance  of  one  wave)en;tth, — as  is  the  case  under  a 
good  many  clrcun\sunces, — one  may  visualise  the  propagation  in  terms  of 
rays  (References  X  and  ^).  A  spatially  varied  refractive  Index  gives  rise  to 
a  beading,  of  the  rays.  This  bending  can  give  rise  to  an  apparent  di.*ec* 
tion  of  arrival  which  differs  from  the  true  direction  in  which  the  source  lies. 
Generally,  such  deflections  in  angle  are  small.  It  is  also  possible  for  rays  to 
follow  two  or  more  different  trajectories  between  transmitter  and  receiver. 
In  this  case  there  may  be  constructive  or  destructive  interference,  resulting 
In  strengthened  or  weakened  signals  respecllxcly.  Thirdly,  there  Is  likely  to 
be  a  difference  In  transmission  time  between  the  two  or  mure  (rkjectories, 
when  they  exist.  This  multipath  delay  effectively  reduces  the  bandwidth 
which  the  propagation  can  support  and  thus  leads  to  distortion  of  wideband 
signals  (such  as  narrow  pulses). 

31.2.4*!.  Tropoaphrtic  RefratUon.*  In  the  lower  part  of  the  earth’s 
atmosphere,  the  refractive  index  n  is  determined  largely  by  air  pressure  P 
(millibars),  temperature  T  (*K),  and  humidity  (vapor  pressure  e,  millibars) 
In  accordance  with  Kq  (.ll-ft). 
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Since  the  refractive  Index  differs  from  unity  by  only  a  few  parts  In  \0*,  it  Is 
often  convenient  to  define  a  quantity  A*  equal  to  the  squM.'c  brackets  In 
(31.6).  Thus 


/Y  =r  («~l)  •  10«  (3|.7) 

Typically  the  »urface  valuen  of  A  He  around  300  at  sea  level.  Note  ihel  they 
increiiat*  with  humldU>  (r)  and  decrease  with  tenpcralure  (7  ).  Also  they 
norma!  1>  decrease  with  altitude  as  a  consequence  of  decreasing  air  pressure  p 
The  absolute  value  of  lro|>ospherlc  lefracllvc  Index  is  not  so  important  as 
its  gradient,  since  it  is  the  latter  which  leads  to  a  bctullng  tif  the  rays.  For 
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the  moit  pari,  the  atmoiphere  hat  a  marked  horizontal  stratlftcatlon,  so  that 
the  itrongest  gradients  are  usually  vertical.  In  these  casesi  it  Is  the  rate  of 
change  of  fi  with  height  that  is  ImpoFiant  For  rays  prr^agating  at  low 
angles  through  a  horlsontaUy  stratiftrd  atmospherei  the  radius  of  curvature 
r  is  related  to  the  vertical  gradient  of  refractive  index  dnfdh  by  £q.  (31-8): 

I'r  =  -(dn/dk)  (31-8) 

or 

10«/r  =  -(dl^/dk)  (31-8a) 

Here  the  units  for  r  and  A  are  the  same.  Since  the  velocity  of  propagation  v 
is  inversely  proportional  to  reft  active  index 

v  =  cM  (3i-9) 

c  being  the  free  space  velocity  of  propagaiioni  it  follows  that  a  decrease  of 
refractive  Index  with  height  leads  to  a  downwar<i  bending  of  the  ray; — i.e., 
in  Eq  (31-8)  dn/dk  is  usually  negative  (—  dn/dh  positive)  and  a  positive 
radius  of  curvature  by  definition  Implies  concavity  downward. 

Under  more  or  less  ntanda'^d  conditions  n  decreases  at  the  rate  of  1.2  X 
10  *  per  hundred  feet.  The  radiiti  of  curvature  of  the  earth  H  leads  to  a  value 

iaV/2  =4.8p€r  lOOfi  (31-tD) 

Tae  difference  In  curvature  (times  10^)  between  a  sundard  ray  and  the 
earth's  turftce  is  thus 

-  (lO^lr)  =.=  3.6  per  100  ft  (31-11) 

If  we  were,  irtiAcially,  to  modify  the  earth's  radius  to  a  value  Il\ 

R'  =  (4/3)/? 

then  Tinu  that  the  modified  ray  curvsturc  !/r',  required  in  order  that  the 
difference  in  curvature  remain^  thi*  wimo,  is 

I  r'  0 

This  means  that  by  treating  the  earth  as  ha\ing  4/3  tin.es  its  actual  radius, 
we  may  consider  standard  refracted  rays  as  straight  lines. 

H  temperature  decreases  with  aiilltule  less  rapidly  than  in  a  sbindnrd 
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•imoiphcre,  or  if  the  humidity  decreMet  more  rapidly,  then  ths  refractive 
index  gradient  will  exceed  the  standard  value  mentioned  above,  i.e., 

-  {dNtdk)  >  1.2  p«r  100  ft  (3M2) 

In  fact  if  this  ncfitive  gradient  (rate  of  e  of  A'  with  height)  reaches 

a  value  of 


-  {&N/dk)  =  4,8  per  ICO  ft,  (31-13) 

the  curvature  of  a  nearly  horieontal  ray  equals  the  earth  curvature.  For 
steeper  gradients, 


-{dNIdk)  >  4.8  per  100  fi  (51-14) 

the  ray  curvature  exceeds  that  of  the  earth;  a  ray  starting  upward  a 
small  angle  may  be  t»nt  around  and  down  back  to  the  surface  again.  This 
phenomenon  is  known  as  luperrefraclion  and,  under  other  appropriate  con¬ 
ditions,  as  ducting  or  trapping.  U  is  Imjior^ant  for  propagation  to  distances 
beyond  the  horlxon,  as  discussed  later. 

Within  iine-of-sight,  sui>errefractiQn  Is  important  lu  several  respects.  It  is 
usually  encountered  In  connection  with  horlaontally  stratified  layers  of 
limited  vertical  extent,  Thus  there  m,*y  hi  a  small  range  of  heights  within 
which  ray  curvatures  may  exceed  that  of  the  earth.  This  circumstance,  to¬ 
gether  wUh  the  detailed  nature  of  the  bending  makes  It  possible  for  rays  to 
tie  concentrated  in  a  limited  height  flange  and  even  to  cross  over  each  other. 
The  greater  concentration  tends  to  lead  to  highet  signal  levels  in  the  layer 
at  the  exjvnse  of  some  regions  outside  the  layer.  The  cro-sing  of  rays  leads 
**)  an  interference  which  may  result  In  sigiial  enhancement  or  diminution, 
cletwtiding  on  the  phase.  The  strong  downward  bending  leads  to  angles  of 
arrival  higher  ihan  would  be  the  case  under  standard  conditions.  Where  rays 
cross,  multipatii  conditions  exist. 

The  lm|M»riant  consideration  Is  the  extent  and  magnitude  of  the, sc  effects. 
First  consider  the  frequency  range  over  which  refractive  bending  may  be  a 
signiftcant  intlucnce.  At  fre<|uencles  well  below  the  resonant  absorption 
baruls  discussed  earlier  the  relractlve  Index  Is  relatively  in.scnsillve  tc  fre- 
c|uefuy.  Similar  phentmiena  can  cKcur  In  the  disjrersi'^'c  regions  but  a^e  more 
vcmpllcated  as  regards  detailed  behavior  and  in  any  event  arc  likely  to  be 
le.ss  predominant  thun  considerations  related  to  abstut^'icm. — whither  a 
signal  can  get  ihrcuigh  ttj  hv  recelveti  in  the  first  place,  'f'he  lower  freciuency 
limit  for  refractive  effects  Is  approached  when  the  radio  wavelength  begins 
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to  tMcoiTie  cotnpArable  with  the  size  of  the  reglont  ovtr  which  the  refractive 
index  varies  abnormally  (for  example,  with  layer  thicknci.*).  This  occurs 
below  l(X)  me.  Consequently  the  frequency  range  in  which  refractive  effects 
are  likely  to  be  predominant  includes  UHF  and  SHF. 

Secondly  m<^t  of  the  strong  refractiveWndex  gradients  are  vertical,  arising 
from  horizonul  stratincation  of  the  air.  A  wave  propagating  vertically,  nor¬ 
mal  to  the  stratiheation,  is  unaffected.  At  a  consequence,  the  important 
refractive  effects  occur  for  horizontal  or  nearly  horizontal  propagation,— 
say  f^r  elevation  angles  of  less  than  10  degrees. 

The  most  cemtnen  occurrence  of  strong  refracting  effects  is  an  increased 
downward  bending  of  the  rays.  SubsUndard  conditions  do  occur,  in  which 
rays  have  a  lesser  downward  curvature  than  under  standard  conditions,  or 
even  an  upward  curvature.  However,  these  conditione  are  ieie  frequent  and 
are  likely  to  be  essociated  with  air  mass  Instability  so  that  they  do  not  per¬ 
sist  or  are  masked  by  turbulence.  The  downward  bending  concentrates  the 
radiated  power  more  strongly  necr  the  surface, — in  and  below  Ujc  layer-  - 
than  would  otherwise  be  the  case.  Consequently,  ligrul  strengths  are  In¬ 
creased  on  the  average.  In  thv  theoretical  limit,  •lignal  power  would  fall  off 
inversely  as  the  inverse  first  power  of  th^  distance,  lather  than  the  Inverse 
square  characteristic  of  free-space  propagation.  This  signal  enhancement  is 
rarely  achieved  in  practice.  Whate^.^er  Incraase  In  s'gral  does  occur  (tO  to 
IS  db)  Is  not  so  imt>ortant  In  line-of-ilght  situations,  In  which  signal  levels 
are  often  adequate  anyway,  as  In  beyu2;d-llne-of-sig]j  geometries,  as  dis¬ 
cussed  lalet,  However,  deep  fades  associated  with  muUlpath  Interference 
arc  significant.  They  can  /esult  In  the  temporary  loss  of  cignal  under  con¬ 
ditions  In  which  one  might  not  expect  It. 

Another  phenomenon  affecting  line-of-tight  signal  levels  is  that  of  radio 
holes  (Reference  15).  Thir  resultii  from  the  redistribution  of  power  as¬ 
sociated  with  strongly  refracting  layers.  Unlike  absorption,  refraction  does 
not  remove  power  from  the  transmitted  wave.  It  merely  alters  the  wave’s 
direction  nnd  concentrates  the  power  In  some  regions  at  the  expense  of 
others.  The  regions  frtim  which  fx)wcr  is  diverted  have  be^'n  named  radio 
holes.  They  occur  most  frequently  in  air-to-air  prcpagatlon  In  elevated 
layers  when  both  transmitting  and  receiving  terminals  are  within  or  near 
the  layer.  Under  such  conditions  it  is  possible  for  an  otherwise  strong  signal 
to  become  so  weak  as  to  be  unueirc tabic,  layers  cf  this  sort  generally  do  not 
exist  at  elevations  abo/e  10, (XX)  or  15,000  feet.  Consequently  the  radio-hole 
phenomenon  is  unimportant  fo**  high-Hylng  aircraft  or  satellites. 

As  mentioned  above,  refractive  variations  normally  give  rise  to  vertical 
bending  of  the  rays  (References  16,  if,  18,  19,  and  20).  As  e  result  the 
angle  of  arrival  that  is  more  strongly  affected  is  the  elcvnilon  angle,  rather 


31-M 


ELE(  TRON 1 C  COUNTE R M  E AS U R  ES 


ilma  Aximuth.  VArlttioni;  In  elevation  angle  of  arrival  can  reach  1  or  2 
degrees  of  departure  from  the  angle  fur  a  standard  atmosphere.  These 
strongly  refracting  conditions  result  from  excessive  downward  bending,  so 
that  the  tay  arrives  from  above, — l.e.,  the  variations  In  elevation  angle  ate 
upward  from  standard.  Rays  arriving  at  angles  below  that  of  the  standard 
ray  sometimes  occur  as  a  result  of  refraction,  but  the  variations  amount  to 
only  a  few  tenths  of  a  degree.  Similarly,  horizontal  variations  in  angle  of 
arrival  are  likely  to  be  small,  not  more  than  0.1  or  0.2  degrees.  Exceptions 
may  occur  in  transitory  situations  such  as  the  passhge  of  a  sharp  weathe*’ 
front,  but  these  are  complicated  and  unpredictable.  It  Is  to  be  noted  that 
even  the  strongest  of  these  angular  variations  ure  small.  In  countermeasures 
applications,  they  arc  relatively  unimportant  except  for  precise  locating 
techniques. 

A  consideration  which  is  of  more  direct  concern,  however,  is  that  of  multi- 
path  ilmitatlons  on  bandwidth.  When  two  or  more  ray  trajectories  between 
transmitter  and  receiver  exist,  the  recirrocal  of  ?hf  diiTercncc  *n  transmis¬ 
sion  time  gives  a  rough  approximntlon  to  the  bandwidth  that  can  be  trans¬ 
mitted.*  Fo»  average  refracting  layers  thi.i  bandwidth  nay  be  on  the  order  of 
40  to  50  me  or  so, — adequate  for  most  trsnsmiislons.  Under  more  severe 
conditions  the  bandwidth  may  be  a  factor  of  10  smaller  than  thi.«i  (l.e.,  4  to 
5  me),  io  that  short  pulses  would  be  distorted  in  the  transmission. 

Tro|A>.tpl.erlc  refraction  within  llne-of-sight  Is  of  Importance  In  counter¬ 
measures.  f^uugh  not  as  •na*'kediy  so  as  In  the  transhorizon  case.  Neverthe¬ 
less  niiMul  levels  are  affected,  so  thrit  a  jammer  situated  In  a  radio  hole 
it^iative  to  its  intended  victim  could  be  thwarted,  and  a  search  receiver  could 
l>c  faced  with  difflcuUles.  Hearing  filteralions  are  too  minor  to  hinder  direc¬ 
tion  finding  systems  or  t;Kx)f\nK  techniquri  However,  multipath  limitations 
on  bandwidth  could  Iritcrfere  with  precise  signal  analysis  in  some  Instances. 

31.2*4.2.  ionospheric  Rei'rartton^  In  the  ionized  regions  of  the 
ulmosphere,  the  refractive  Ind'^x  def)end.s  on  the  density  of  free  electrons 
i\  (per  cm").  For  frequencies  above  10  me  the  refractive  Index  Is  given  to 
a  good  ap|)roximation  by 


S  X  10  *  X  A'fcm  *) 
/“(me) 


(31-15) 


Ntite  that  its  values  are  less  than  unity  und  approach  zero  for  .HuflVicntly 
high  electron  density  A*,  at  i#ny  one  frequency.  t)v/ing  to  the  dlspensive 
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nature  of  the  medium,  the  Kcoup  velocity  of  propagation  b  directly  pro¬ 
portional  to  the  refractive  index  and  Inversely  proportional  to  the  phase 
velocity  v,*: 


V,  =  nc 

C^/V,k  (31-16) 

where  c  !s  the  free-space  velocity  of  propagation.  The  phase  velocity  is  still 
InverM^ly  prupi^rtlonal  to  refractive  index  so  that  a  decrease  of  n  with  height 
leads  to  a  downward  bending  of  a  ray. 

llte  downward  bending  by  Ionospheric  layers  is  moat  commonly  utilised 
In  HF  propagation  to  distances  far  beyond  the  horlson,  as  discussed  later. 
The  Important  |)olni  here  h  that  waves  of  sufficiently  low  frequency  can 
suffer  total  reflection  by  the  *onosphcrc.  even  when  Incident  at  steep  angles. 
For  example,  a  wuve  Incident  vertically  on  the  Ionosphere  (either  from  below 
or  from  above)  will  be  reflected  if  the  electron  density  n  reaches  a  value,  for 
any  given  frequency  /,  such  that  the  refractive  Index  k  drops  to  aero.  For 
oblique  Incidence,  the  electron  density  need  not  reach  such  high  values  In 
order  that  the  same  radio  frrqticncy  be  reflected;  altcrmaivcly,  a  higher  fre¬ 
quency  ray  can  be  reflecud  at  oblique  Incidence  than  at  vertical.  The  law  of 

h  •  f  •  C06  /£f  =:  const,  (31-17) 

refraction  h  for  any  one  ray,  where  r  Is  the  redial  distance  from  the  earth's 
center  and  fi  Is  the  angle  with  res|)ect  to  horisontal.  For  example,  as  a  ray 
enters  the  Ionosphere  from  above,  the  electron  density  A’  herrases  so  that  the 
refractive  index  n  decreases  according  to  (31-lS) ;  r  is  decreasing;  cos  fi  then 
must  increase,  according  to  (31*17);  therefore  (i  decreases.  This  continues 
as  long  tts  the  electron  density  keeps  increa.sing,  so  that  the  ray  is  t)ent 
around  until  It  becomes  horizontal,  and  so  is  reflected.  A  similar  argument 
applies  to  Incidence  from  below. 

In  practice,  frequencies  up  to  30  me  or  slightly  higher  can  at  times  be 
reflected  In  this  conventional  manner.  At  50  me,  the  standard  K-  and  F* 
layers  cun  nearly  always  be  penetrated,  but  not  without  causing  .some  de- 
llectlon  to  the  passing  wave.  In  the  intermediate  region  l>eiwcen  10  me  and 
4C  me,  where  siiflkirntly  sleep  rays  |>er.clrttte  and  others  do  nut,  many 
interesting  effects  take  |>lacc.  For  example,  ihe  coverage  r.een  from  a  point 
on  the  ••arth's  surface  U  somewhat  as  illustrated  In  Figure  31*2,  A  low-angle 
ray  (No.  !)  is  rellecled  and  »‘eturns  to  earth  at  .some  large  (ll‘fi?intT.  At  a 
higher  angle,  .some  other  ray  (marked  No.  2  in  the  figure)  returns  to  earth 
at  u  minimum  distance,  definiFig  the  skip  /.one.  Ray  No.  .3  returns  in  earth 
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riovRK  Rv  P«thi  from  point  on  Kiouiit  510  R&y  pithi  from  point  oul- 
Kirth*a  turfirt  tide  itmotphtre 


itt  the  Mme  dlittnre  li  No.  L  causing  muUtpith  problems.  Kay  No.  4 
strikes  the  ionosphere  At  a  sufftrlently  fteep  angle  to  penetrate,  as  do  all 
higher  angle  rays  at  the  same  frequency.  Rayc  No.  4,  No.  5,  and  No.  6  arc 
deflected  In  such  a  manner  as  to  spread  their  power  out  very  thinly.  Rays 
No.  7,  No.  8  and  No.  9  are  deviated  \tu,  so  that  the  held  strengths  in  this 
cone  are  approximately  the  free-space  values.  This  cono  of  hlumlnatlon  of 
escaping  rays  becomes  narrower  as  the  'requency  Is  lowered,  until  It  vanishes 
altogether  when  the  critiral  frequency  of  the  ionosphere  Is  reached.  As  one 
goen  up  in  frequency,  of  course,  this  odd  f>pc  of  lens  effect  Introduced  by 
the  lona^phf'f'*  bc<*ome.x  small;  In  fact  it  i:  :.-gligiblc  above  about  40  me. 

The  coverage  as  seen  from  aoove  the  Ionosphere  Is  illustrated  In  Figure 
31-3,  f(»r  this  Mtme  frequency  region  (SO  So  ^0  me).  Here  Ray  No.  I,  IncS- 
dent  vcrticnlly,  penetrates  to  the  earth's  surface.  Ray  No.  2  h  deflected  but 
still  penetrates.  Ray  No.  3  does  not  penet.'^ate  but  Is  reflected  at  .such  an 
angle  that  it  intersects  another  ray  (No.  4)  which  did  not  strike  the  Iono¬ 
sphere.  Other  rays  are  unaffected.  The  cusps  occurring  at  points  of  Inter¬ 
section  of  rays  such  as  No.  3  and  No.  4  give  rise  to  multipath  proLlems.  At 
lower  radio  frequencies,  a  narrower  cone  of  rays  about  the  vertical  would 
|)enctrate,  and  more  rtys  would  be  reflected  like  No.  3,  but  at  sharper  angles. 

Consequently  there  would  be  a  larger  region  with  multipath  problems. 

Above  40  or  SO  me,  rays  always  penetrate  but  nevertheless  may  suffer 
Mime  dciiccllon  In  angle.  The  resulting  error  angle  (difference  between  ob¬ 
served  angle  of  arrival  and  direct  line-of-sight)  Is  greatest  when  one  ter¬ 
minus  Is  Imbedded  In  the  lonoaphere.  Table  31-VI  jhows  some  calculated  error 
angles  at  the  ground  ks  a  function  both  of  angle  above  the  horizon  and  of 
frequency,  when  the  source  is  In  the  F-layer  at  a  height  of  375  km  (234 
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TABLE  31-VI.  EtFOR  Anoie«  (in  dboxxu)  at  Ground  tor  Source  in  loNoirKKRK 
EkvRtlon 


snaU 

(dfr.rtfi) 

Fr  ..‘ncy 
(me) 

50 

too 

500 

1000 

1 

0.7 

0.2 

0.05 

005 

7 

0.7 

02 

0.02 

oot 

JO 

OJ 

0.07 

0.005 

OOW 

60 

0.1 

002 

0.001 

0.006 

miles).  It  Is  seen  thit  these  errors  sre  not  Urge  et  50  me  end  above.  In  fact 
they  are  snuller  than  the  resolving  powers  of  most  antenru  systems  at  the 
frequencies  Involved.  At  the  upper  frequency  ranges  they  are  smaller  than 
the  deviations  caused  by  even  mild  tropospheric  refraction  which  may  easily 
be  an  appreciable  fraction  of  a  degree. 

In  Us  implications  for  countcrmcasuref^  Ionospheric  refraction  is  Import¬ 
ant  in  several  respects.  The  shadow  tone  of  the  earth  U  distinctly  modified. 
Deflections  In  bearing,  though  not  large  at  higher  frequencies,  are  present 
and  can  become  very  large  as  frequencies  deecend  Into  the  HF  region.  MuUU 
path  can  be  severe,  particularly  at  lower  frequencies.  Below  the  crltlcel  fre¬ 
quency,  the  ionosphere  shields  the  earth  from  outer  spaca. 

3I.2.S  Polarlaatlon 

None  of  the  effects  caused  by  gases  in  the  troposphere  Influence  the  polar¬ 
isation  of  a  raoio  wave.  Consequently,  when  the^  a^e  the  only  agents  at 
work,  the  i)oUrlsatlon  of  a  iransmiiied  wave  Is  preserved,  and  measurement 
at  a  receiving  point  is  indicative  of  the  source.  Heflectlona  from  clouds  or 
the  earth*s  surface  can,  however,  affect  the  polaritalion  and  make  reliable 
determination  difficult,  linct  there  is  no  eaiy  way  tc  compute  ccrectlons. 

The  Innosphorc  ejcens  a  unique  influence  on  the  polarisation  of  a 
wave  (References  12.  13,  snd  22).  Because  of  the  presence  of  the  earth’s 
magnetic  Held,  the  ionosphere  Is  a  bi -ref •’acting  medium.  These  are  two 
values  of  refractive  Index  and  two  velocities  of  propagation.  Associated 
with  each  is  a  characteristic  polarization.  An  incident  wave  generally  ex¬ 
cites  both  of  these  modes.  Kach  travels  with  a  different  veicK.lly,  so  that 
they  emerge  from  the  ionosphere  with  a  phase  relationship  different  from 
that  at  their  entrance.  Thus  in  recombhing  they  ^orm  a  dlffcent  polariza¬ 
tion.  If  initially  the  j>olnrixtttlon  was  linear,  the  result  of  this  process. 
Is  A  rotation  of  he  plane  of  polarization.  The  amount  of  rotation  depenrh 
on  the  frequency,  the  angle  made  with  the  earth’s  mai;ncllc  field  lines 
and  the  inicy»*ated  electron  density  along  the  path.  As  an  example  of  thcf»c 
dependencies,  a  frequency  ^'f  100  me  penetrating  through  most  of  •he 
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ionosphere  at  an  angle  nearly  parallel  with  the  earth’s  magnetic  held 
v/ould  suffer  about  a  90-degree  roiation  under  weakly  ionised  conditions 
and  about  30  complete  rotations  mder  stiongly  Ionized  conditions.  The 
rotation  varies  inversely  as  the  square  of  the  frequency^  if  the  path 
followed  ii  the  name. 

Two  practice]  consequences  follow  from  this  polarization  effect.  One 
is  that  Information  as  to  initial  polarization  Is  lost.  The  second  is  that 
the  arriving  polarization  may  be  orthogonal  to  that  of  the  receiving 
antennsr  (If  the  latter  Is  linearly  polarized}  that  the  sigrul  is  lost, — 
unless  provision  Is  made  for  an  adjustment  or  an  alternate 

Sl.S  Tran sh orison  Propagation 

Refractive  bending,  which  complicates  propagation  within  the  horizon, 
can  under  some  circumstances  be  sufficiently  strong  to  carry  an  appre¬ 
ciable  amount  of  power  around  the  curvature  of  the  earth.  In  addition, 
there  are  other  mechanisms  which  help  circumvent  the  limitations  of  the 
horizon.  Some  of  these,  such  as  diffraction  and  Kattering,  play  a  role  at 
both  ends  of  me  frequency  =^angc  being  coifildf'ed.  Others,  such  az 
reflectlcns  from  meteor  trnilt  and  aurora  arc  more  specialized. 

31.S.1  TrnnahoHion  Frupsfatlon-^Refeactlcn 

The  basic  lefractlon  phenomena  ire  the  same  as  those  dlscutsed  fur 
linr^of-sight  conditions.  In  the  troiM>sph^re,  they  are  caused  by  gradients 
of  temperature  and  numidily;  In  the  Ionosphere,  they  arij  caused  by  layers 
of  free  electrons. 

31.3.L1.  Tropo»ipheric  n«fraetion.  When  the  tem|>erature  increases 
with  altitude  or  the  humidity  decreases  with  altitude  sufflclentiy  rapidly  so 
that  tnz  negative  refractive  index  gradient  exceeds  4.8  X  10  •  per  hundred 
feet,  a  ray  curvat^tre  may  exceed  that  of  the  earth  (see  Eq  (31*13)  |.  It  Is 
then  possible  for  the  ray  to  be  bem  downward,  reflected  from  the  earth's 
surface  and  bent  downward  again,  thus  proceeding  In  a  series  of  hofu  near 
the  surface.  The  ray  is  trapped  and  follows  around  the  curve  of  the  earth. 
This  phenomenon  Is  known  as  trapping  or  ducting,  since  the  waves  are 
tffetllvcly  guided  by  the  layer  (Reffrinces  1,  3,  23,  and  24).  This  trajectory 
applies  t*)  rays  which  s*ari  off  qi  sufficiently  low  angles.  Ray.s  starting  at 
sieejRT  angles  may  escape.  Figure  31-4  illustrates  the  ray  pattern  In  a  sur¬ 
face  duct. 

The  ray  picture  however  does  not  tell  the  whole  story,  since  ray  theory 
gives  only  an  upproxlrnation  to  the  true  behnvio/  electromagnetic 
waves.  A  more  exact  solution  shows  *hc  trapping  phenomonn  to  be 
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frfquency  ifniUive.  Whether  an  ippret^iable  portlcn  of  power  ii  trapped 
ip  the  duct  depends  on  the  Ki'^dieni  of  refractive  Index^  the  height  inter¬ 
val  over  which  a  subetantlal  c^itdleni  exiit^  ai«d  ;he  radio  frequency.  Tc 
a  certain  extent,  a  duct  behaves  like  a  leaky  wavegvide.  Higher  fre- 
qucnciet  may  effectively  trapped  while  lower  frequenciei  may  leak  cut  ;he 
tof)  of  the  duct  for  any  cne  layer  thickne^.  While  It  U  difhcult  to  apply 
a  mathematical  formula  precisely  to  this  behavior,  an  Indication  of  the 
frequency  dependence  of  trapping  can  be  obtained  from  Table  31-VII.  Ii 

TAhLE  3t-Vn.  Mikimuu  Tkapw  yaxovtffcv  as  ^  Puhctioh  or  Hstonr  or  a 
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shows  the  lowest  frequency  which  can  >>e  trapped  by  a  au/face  duct  of 
«t>eciflcd  thickness.  These  sample  figures  arc  not  to  be  taken  too  literally, 
since  iUf  cut-off  In  frequency  Is  not  Aharu,  and  other  factors  enter  such 
as  steepness  of  refractive- index  gradient,  roughness  of  ground,  height 
of  transmitter  and  horixontsi  uniformity  of  the  layer.  Nevertheless  they 
da  serve  as  a  guide,  and  indicate  ar  Inverse  3/2-powcr  dependence  of 
cut-off  ffMjucncy  on  duct  thickness. 

Signal  levels  In  a  duct,  for  frequencies  successfully  trapped,  average 
'hr  Appronrlnie  to  the  diatance  cov  ered  -even 

the  d  Uancf  may  take  the  transmission  well  nrMiP.d  the  curvature  of  the 
earth.  C'onsequently,  propagation  ranges  are  Increased  substantially,  some- 
time.s  phenomenally,  by  ducting.  Signals  have  been  measured  10  to  15 
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db  Hbove  the  free-ipece  level  «t  times;  «t  other  times  deep  fcdes  30  tc  40 
db  below  this  level  &re  observed.  At  the  trapped  frequencies! 
little  gain  in  signal  with  increased  heigh:  of  receiver  (or  transmitter)  as 
long  as  it  remains  within  the  duct.  Just  above  the  duct,  signals  may  be 
abnormally  low;  however!  If  the  duct  is  not  strong  or  the  frequencies  are 
low  enough  to  be  incompletely  trapped,  the  signal  level  may  taper  off  only 
very  gradually  above  the  duct. 

Situations  favoring  dtxt  propagation  are  of  various  scis.  The  must 
reliable  and  extensive  trapping  conditions  occur  in  the  iow-]aU(ude  high- 
pressure  areas  over  the  oceans.  Here  subsidence  of  the  air  mass  leads 
lu  temperature  Inveriions,  and  evaporation  from  the  sea  surface*  results 
in  strong  vertical  humidity  gradients,  both  favorable  to  the  formation  of 
ducts.  Similar  conditions  cun  occur  r^ver  land  but  are  le«8  consistent, 
owin^  to  nonuniformity  of  mosi  land  surfaces  and  to  greater  diurnal 
variability  A  typical,  though  transitory,  type  of  duct  occurs  over  land 
as  a  result  of  radlational  cooling  of  the  ground  on  calm  nights.  In  general, 
duel!  can  occur  In  many  nrea.s  of  the  world,  but  only  over  low-lalllude 
ocean  areas  are  they  consistent  enough  to  be  reliable. 

Ducting  represents  one  of  the  major  propagations!  influences  affecting 
countcr.mensures  procedures.  The  increased  signal  levels  pe'-mil  bOih  jam¬ 
ming  and  passive  detection  at  greater  ranges  in  surface-to-surface  situa¬ 
tions.  Vnrlations  In  angle  of  .arrival  are  shght  enough  so  as  net  to  disrupt 
direction-finding  or  spoofing  techniques  seriously, — except  poi.slbly  In  the 
vertical  plane  at  low  angle's.  Bandwidth  capabilities  are  likely  to  be  high 
enough  for  reasonably  good  signal  analysis. 

3 1.3. 1.2*  lortospherie  Refraction.*  As  mentioned  In  the  discussion 
of  line  of -sight  propagation  (Section  31.2.4),  ionospheric  layers  can  cause 
total  reflrction  of  an  Incident  wave,  If  the  electron  density  is  high  enough 
and  the  radio  frequency  low  enough.  There  Is  n  critical  frequency,  lying 
between  a  few  megacycles  and  about  ten  megacycles,  depending  on  the 
maximum  eWiron  density  in  the  Ionosphere,  below  which  waves  cannot 
|>cnrtratet  and  •^Une  which  they  can,  tf  incident  at  a  steep  enough  angle, 
Waves  slightly  aliove  the  crUlrid  frequency  ntay  be  reflected  If  Incitient 
obllcjurly,  and  l  is  for  these  frequencies  that  the  phenomenon  of  skip  dis¬ 
tance  iKcors.  (hre  Figure  31-2  and  accompanying  discussion).  A  higher  fre- 
q'lency  would  have  a  greater  skip  distance.  Consequently,  for  any  one 
distance  there  Is  a  maximum  usable  frccjucncy  (muf),  which  Is  the  frequency 

*Srf  Krtcrmcc*  It,  1^,  14,  nnO  21 

tAh  rxtrplUm  meura  in  itu'  cnN*  i»(  Vl.K  snd  KI.F  rsdistlnn  In  ihr  "whlalh’f"  mndu 
25). 
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which  the  disUncr  in  queitlon  is  the  skip  disUnce.  The  quantitative 
aspects  of  this  reflection  process  have  been  well  understood  for  some  time; 
and  such  or^tnlratlons  ^s  the  U.  S.  National  Bureau  of  Standards  Issue 
regular  bulletins  to  facilitate  their  use  In  engineering  practice.  Because  of 
this  availability  of  data,  and  since  we  are  here  concerned  primarily  with 
higher  frequency  ranges,  this  discussion  will  be  limited  In  extent  and  cun- 
ftned  to  a  mention  of  some  aspects  of  importance  to  countermeasures. 

The  latgest  practical  distance  on  *he  earth's  surface  which  a  <vave 
can  reach  via  one  Ionospheric  reflection  is  ;hat  llmiteu  hy  tangent  ray* 
and  reflection  height.  For  F-Iayer  reflection  at  *00  miles  height,  this  dis¬ 
tance  is  around  2500  miles.  Greater  ground  distances  can  be  achieved  by 
multiple  hops:  two  or  more  ionospheric  reflections  with  intermediate  ground 
reflections. 

For  frequencies  above  the  critical  frequency  and  at  a  distance  greater 
than  the  skip  distance,  each  Ionospheric  layer  can  transmit  two  rays: 
a  h!gh-ar.g!e  and  a  lew-angle  ray  (for  example  Wo.  l  and  No.  3  In  Figure 
31-2).  Each  of  >hc  two  rays  nriy  in  turn  be  split  Into  two  magnetoionlc 
components  by  the  earth's  magneik  held.  There  mey  exist  as  many  as 
two  or  three  reflecting  ionospheric  layers  (Reference  26),  the  £,  Fi  and  Ff, 
91  any  one  time  In  addition  It  is  often  possible  for  single — and  nultl-hop 
transmission  to  be  present  siiouhtneously.  Some  of  these  nitmerous  com¬ 
ponent  *^3yf  may  be  much  weaker  than  others,  and  therefore  not  too 
signlflcant.  Nevt-rthelru  the  detailed  picture  can  be  quite  complicated. 
The  net  combination  k  likely  to  result  In  signal  levels  not  too  far  from 
the  frec-space  value.  However,  the  vari-ty  of  ways  these  components  may 
combine  In  phase  leads  to  fading  of  the  signal,  which  may  also  be  affected 
by  fluctuations  In  layer  height  and  curvatures.  The  bandwidth  that  may 
be  transmitted  via  any  one  component  Is  large,  but  the  large  differences 
i;.  transmission  time  associated  with  these  various  components  results 
in  a  very  limited  over-all  transmission  bandwidth.  Angles  of  arrival  in 
the  vertical  plane  may  ranine  from  nearly  aero  to  25  or  30  degrees. 
Horlxontallv,  tilts  in  the  conventioimS  layers  may  cause  departures  from 
the  great-circle  bearing  of  a  frw  degrees;  —  the  greatest  bearing  errors 
arising  from  ionospheric  propagation  are  not  associated  with  layei  pro- 
jmrallon  but  with  Irregular  ty|>es  of  bniaiaion:  aa»‘orn,  meteors,  siXifidlc-E 
clo'uis. 

Of  these  three  irregular  iyt)e.H,  the  first  two  are  discussed  In  separate 
seel  ions  below.  How  rvrf,  inird  is  a  iitycr-iyi»c  piicnomcnon  and  ;vi!l 
l)e  considered  here  i Reference  27).  At  K-laye'"  heights  patches  of  ionixa- 
tlon  often  exist  having  high  electron  dcnsltitv,  small  vcrtL.al  exte.^d  and 
50  to  100  miles  horiziinlal  extent.  They  are  at  limes  capable  of  reflecting 
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lignAlf  St  freoutncies  nbove  300  megacycles.  Their  occurrence  Is  unprc- 
dlcUble  and  errstlci  as  the  nante  imp!iei»  but  when  present  they  can 
support  VHP  propagation  to  distances  of  MOO  miles.  The  bandwidth  Is 
as  wide  as  a  few  megacycles  unless  there  are  contributions  from  nwre 
than  one  sporadic-E  patch  or  from  other  reflecting  sources,  in  which  ccse 
serious  multipath  limitations  occur. 

The  polaileatlcn  of  a  wave  pacing  through  an  ionised  region  depends 
on  the  integrated  electron  density  through  which  the  wave  pa.sses,  regardless 
of  whether  the  wive  Is  penetrating  the  region  or  being  reflected  from  It. 
Consequently  the  discussion  in  Section  31.2.5  is  applicable  here.  For 
frequencies  low  ertough  to  be  reflected  by  an  lonlfcd  layer,  all  Information 
regarding  Initial  polarisation  of  the  wave  is  lost,  except  In  very  special 
circumstances. 

Insofar  as  conventional  reflections  from  the  regular  ionised  layers  are 
utilised  primarily  for  communications,  the  countermeasures  of  lm{K)rtancf 
are  Jamming  of  the  communications  and  intercept  and  analysis  of  signals. 
Direction^flnding  procedures  are  accurate  except  where  tilting  of  (he 
layers  occurs  or  sporadlc-E  clouds  cause  extreme  off-path  reflections.  In 
the  latter  case  d-f  Infcrmatlon  can  be  highly  misleading;  consequenily  the 
posilbllity  ol  this  phenomenon  occurring  Is  always  a  serious  concern.  Band- 
widths  art  severely  limited  In  most  Instances  by  multipath,  but  this  ilmlia- 
tlon  it  also  imposed  on  tne  original  tranimfiudons.  Sporadlc-E,  despite 
Its  erratic  nature,  can  sometimes  be  very  useful  for  long  range  recon¬ 
naissance. 

SI .3.2  Tran sh orison  Propaga lion— -Scatter 

In  recent  years  considerable  attention  has  been  given  to  types  of 
^ransmisalon  nade  practical  by  increases  In  transmitter  {)owers  a.id  by 
certain  oj)erational  n'^eds.  In  the  microwave  region,  these  types  of  trans¬ 
mission  cover  large  ground-to-ground  or  ground-to-air  distances  even 
In  the  absefure  of  duct«.  In  the  VHP  region,  trartsmisshm  above  the 
•‘maximum '  usable  frequency  Ic  achlev*d  In  Iwth  Instances,  the  word 
"scatter'*  has  t>fcome  nss«late<l  with  the  phem  mena,  jwirtly  because 
of  certain  characterise Ics  cf  the  recelvctl  ‘Jgn*!  ana  pertly  beraose  of 
{KMtulaled  mechanisms  of  pro^ragatlon.  The  merits  of  potential  iheorelUnl 
esplunations  are  less  im(Kjrtant  here  than  a  phenomenologicnl  dcsiriptUin 
of  rx|^rlmenially  measured  characteristics, 

IIL3.2.1.  Tropoipherir  Scatter.*  Under  nunducting  conditions, 
mivr^jwave  signal  levels  »!rop  eff  quite  rapidly  once  the  distance  exceeds  llne- 

•Stf  Krlrrcnccfc  5,  2S,  JQ,  .to,  .11,  M,  .\A,  -U.  .tS,  .U,,  M,  iiml  .tS 
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of-Kifht.  in  an  interval  of  dUtinces  in  which  thv  predominant  mechan¬ 
ism  by  which  power  reachei  the  receiver  is  that  of  diffraction  around  the 
curvMture  of  the  eirth.  At  greater  distances  another  mechanism  becomes 
predominant  as  is  evident  Its  received  signal  characteristics.  The  most  out¬ 
standing  characteristic  is  the  variation  of  signal  level  with  distance.  Typically 
the  signal  decrrases  far  more  slowly  with  distance  than  in  the  diffraction 
region.  Attenuation  rates  range  from  0.12  to  0.20  decibels  per  mile — being 
t)er)iapfi  greater  al  higher  frequencies.  A  useful  though  not  exactt  rule  of 
thumb  for  estimating  signal  levels  at  frequencies  In  the  general  region  of 
several  hundred  or  a  few  thousard  meffscycles.  is  to  consider  the  signals  at 
too  mliea  to  be  60  decibels  below  the  free*spAce  value  and  to  be  decreaslnt^ 
at  C.17  decibels  per  tr.ile.  This  applies  to  tbit  portion  of  the  path  between 
horiscns.  From  each  antenn;^  tc  Its  horisoni  *he  transmission  loss  is  com¬ 
puted  at  the  free-spec?  value.  In  this  way  the  effect  o'  elevated  and 
airborne  entennu  can  be  taken  into  account.  More  detailed  computational 
pnaedures  are  given  elsewhere. 

The  net  result  is  that  with  !dgh  powered  transmitters,  sensitive  receivers 
and  substantia!  anf':nna  gains,  large  distances  can  be  achieved.  One  to  four 
hundred  miles  are  common.  G.t>und-to-grouiid  signals  have  been  received  at 
400  me  nut  to  800  miles,  and  ground-to-air  sii^naU  at  200  me  to  1000 
ulles,  though  the  latter,  at  least,  appear  to  be  attributed  tc  ionospheric 
scatter. 

For  a  hxed  path  the  signal  is  characterised  by  fairly  rapid  and  expensive 
fading.  The  fading  range  between  levels  exceeded  !U  |)ercent  of  the  time 
and  CO  jxrcent  of  the  lime  Is  15  to  20  decibels.  Fading  rates  arc  f  equency- 
de()erdent.  Often  but  not  always,  they  are  directly  proportional  to 
frequency  and  run  arojnd  1  cps  at  3000  mr.  Over  short  time  periods 
the  fading  is  ohen  found  to  have  a  Rayleigh  dlitrlbutiun. 

There  is  unipic  evidence  to  indlrate  that  the  slg.tal  does  not  always 
arrive  txat'ly  along  the  great-circle  route.  It  Is  largely  this  characlerbtlc 
which  suggests  a  KAttering  mechanism  as  the  explanation  for  this  ty|>c 
of  pru|)agation.  On  the  average,  this  Kattcrlng  of  the  radio  weve  spreads 
the  iwwer  over  a  range  of  angles  one  or  two  degrees  In  extent  There  arc 
three  Imme^.ilatc  consequence.^,  all  lntrrrcia:ed.  One  is  an  appart  it  btoad- 
ening  of  a  *utrrow  beam  l.ansmissbn,  or  a  ditiurting  of  an  antenra  beam 
whith  Is  narrower  than  the  scattering  |wiltern  of  the  atmosphere.  The 
second  Is  a  degradation  of  transmission  bandwidth;  the  multipath  associated 
with  off-pnth  sciillcretl  com|K>ncnts  IntrtKluces  delays  which  effecMvely 
reduce  the  usable  bandwldiht  to  a  few  megacycles.  The  third  Is  an  apparent 
loss  In  antenna  ,:*tln.  A  large  anunna  having  a  sufficiently  narrow  beam  may 
not  receive  |>ower  scattered  from  off-path  angles;  consequently,  the  signal 
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U  receives  relative  to  «  smaller  broader-beamed  antenna  Is  not  so  i^reat 
as  (he  difference  In  the'r  plane-wave  ^ftlns  would  indicate.  The  maj^nitude 
of  this  ‘‘galn-lose*’  has  been  measured  to  be  a  few  decibels  for  beamwtdths 
of  less  than  one  degree.  Its  vaiiaHon  with  distance,  frequency  and  meteo¬ 
rological  conditions  has  not  always  presented  a  consistent  pict*  ^e  'owever. 
In  view  of  the  relatively  limited  number  of  careful  ineuurementi  In 
this  new  held,  many  of  these  statements  have  to  be  accepted  with  sonic 
reserVfitiun*  «  measurements  Indicate  the  oh-pa;h  components  may  at 

times  be  s.  m  number  but  move  around  rapidly.  Thus  the  beam 

bfoadetting  Is  not  necessarily  observed  InstinlAnecusly,  and  Iitst^d  there 
Ls  a  ductuatlon  In  angle  of  arrival  ever  a  range  of  a  few  degrees  (Figure 
Other  experiments  indicate  that  conditio*!#  at  a  few  hundred 


Kioi'iik  Klurturlloni  in  irimhorlion  ^nglt  uf  Arrival  Karh  Irarv  lo 

a  4  deiirr«  ardor  Kart  /rom  kit  to  rlfhl.  tH«  center  repr^^nllng  the  arrat-clrck  brartns 
tu  the  clUlartt  tranamitter  SucerMivr  arana  Mracrt)  ar«*  0  1  iccotid  a^Mirt.  The  afsnat 
|)vak«  in:ncjitint  anxk  of  arrival  are  aern  lo  vary  rapMly,  at  llmra  aplitlInK  Inlu 
•evrral  almuhanrout  componrnta 

mcgiicydcn  often  dlffei  from  those  ut  a  few  thoitnand  bandwidths  ars 
grcHlet,  gain  degradation  less,  and  fading  rates  glower  ^han  Is  consistent 
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wUh  thf  ibovc  plcluff.  Flw»lly  iherc  h  appreciable  difference  belv/ten 
i\it  meafturemenu  made  at  one  time  and  place  and  thoae  at  others 
Caution  ahoulu  be  ucad  In  applying  formulai  derived  ftom  any  one 
theoretical  model, 

Tranxhorieon  tropoapherlc  propagation  hai  applications  In  reconnais¬ 
sance.  Generally  there  is  too  much  loss  in  getting  beyond  the  diffraction 
region  to  make  power  Jamming  feasible  and  too  much  variability  to  make 
deceptive  Jamming  realistic.  But  the  gradual  attenuation  cf  signal  level 
with  distance  makes  possible  the  reception  of  slfiputls  at  large  ranges  and 
at  frequencies  too  high  to  utilise  ionoipheric  reflectlomi.  In  this  application, 
there  may  be  distortion  of  short  (less  than  one  microsecond)  pulses  or 
other  wideband  transmission,  and  of  antenna  beam  shapes.  There  Is  also 
an  uncertainty  in  angle  of  arrival  (one  or  two  degrees)  which  Is  unim¬ 
portant  except  for  accurate  direction-finding  systems.  Tlicse  are  limlta- 
tiuna,  but  not  Ktlous  ones. 

31.S.2.2.  Ionosphere  Seatter.'  At  frequencies  between  30  and  100 
me,  signals  can  be  transmitted  via  the  Ionosphere  over  distances  ranging  from 
500  to  14CX)  miles.  The  mechanism  of  propagation  here  is  related  to  an  ir¬ 
regular  Ionospheric  structure  a«  E-layer  nelghts  (60  miles)  ^attributable  to 
turbulence  or  to  Urge  numbers  cf  small  meteors.  It  is  thus  a  scattering  proc¬ 
ess  and  is  chiracieriifd  by  a  diverst6ed  angle  of  arrival,  antenna  gain  degra¬ 
dation  in  the  case  of  narrow  beams,  rapid  fading  of  the  signSf  and  limited 
bandwidth  owing  to  muititvtih.  Although  the  general  nature  ot  the  signal 
characteristics  is  som:'whal  similar  to  the  tropospheric  case,  there  are 
many  detailed  differences.  Slnc^  this  type  of  Katicr  is  limited  to  IMaycr 
heights,  there  ir.  a  cut-off  at  short  distances  (less  than  500  miles)  where 
the  scatter  angle  becomes  too  great.  The  scatter  is  caused  by  unevenly 
distributed  friv  electrons  af;d  ap^Krari  to  vary  roughly  at  the  inverse 
sevenih  inmer  of  the  frequency,  on  the  average.  The  usable  bandwidth 
fa  quite  narrow:— several  kllocyclch  or  so. 

CounternKosurcs  applkntluns  ere  largely  in  the  area  of  signal  detection, 
as  In  the  case  of  tri»{H>5phe:lc,  and  for  the  same  reasons:  ilgnal  !cvcl.s 
are  low  The  limitations  ate  similar,  but  more  severe  in  the  CH’*e  of  trn»s- 
missable  bandwidth.  Distances  in  genera!  arc  greater,  owing  to  the  greater 
height  of  the  srnltering  region,  but  the  fretjuency  range  Is  far  more 
limiter!.  Hy  way  of  contrast,  the  trot>osph?re-M:«ltrr  frtMjueiKy  range 
extends  dawnward  Into  the  regU*n  below  100  me  where  It  is  still  o|H‘r;:tl\tf 
at  shorter  distances  but  becomes  masked  by  competing  mechanisms.  On 
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the  higher  frequency  side,  Ionospheric  sculler  dies  off  rapidly,  tnd  Iropoii- 
pheric  scalier  becomes  predominant;  the  latlcr*i  upper  limit  In  frequency 
is  set  by  absorption  (above  iO  kmc )  not  by  failure  of  the  mf^chanlsm. 
Inhere  Is  a  region,  then,  between  30  and  500  me,  (to  choose  fairlv  broad 
ilmlli)  in  which  both  tropospheric  ai  d  ionospheric  scatter  may  be  present 
simultaneously  at  large  distances*  Another  overlap  !n  scatfr  mechanisms 
occurs  in  the  case  of  meteor  trails,  which  Is  the  subject  of  the  next  section. 

Sl.3.3  Propafaticn  via  Meteor  Trails^ 

When  a  meteor  enters  the  atmosphere  It  usually  leaves  r  trail  of 
Ionization  somewhere  In  the  height  range  of  50  to  60  miles.  Frerf  electrons 
in  this  trad  van  scatter  incident  radio  waves  during  the  brief  Interval 
(traction  of  a  second  to  several  seconds)  before  they  recombine  with  the 
molecules.  The  scatter  for  any  one  meteor  trail  Is  directive,  denending 
on  the  orientation  of  the  trail.  Coaseguenlly,  the  details  of  meteor  scatter 
are  involved  and  can  best  be  studied  statistically. 

l*he  frequency  ranges  over  which  meteor  scatter  is  effective  vary  from 
the  HF  region,  where  it  Is  overlnppid  by  conventional  layer  reffecilons  to 
a  lew  hundred  megacycles.  At  the  lower  frequency  ranges  and  for  back- 
scatter,  the  meteor-trail  echo  Is  characterized  by  a  rapid  rise  and  slower 
cx{>oncntial  decay.  Size  and  durallon  depends  on  the  Individual  meteor 
trail.  On  the  average,  the  peak  signal  strength  in  \hi.'«  echo  varies  Inversely 
as  che  cube  ol  the  frrt|uency,  while  the  duration  of  li.c  echo  varies  Inversely 
4s  the  square  of  the  frequency.  Thus  the  average  jiower  scattered  by  meteors 
varies  inversely  the  fifth  power  of  luc  frequency.  !n  going  to  higher 
frequencies,  and  oblique  paths,  the  nature  of  the  meteor  echo  changes 
to  a  more  nearly  symmei.lcal  rise  and  fsH.  The  upper  frequency  limit  Is 
set  by  the  sirung  frequency  dependence  mentioned  above  and  by  the  iwwrrs 
and  system  sensitivities  available.  Higher  ;x>wers  make  use  of  the  fainter 
meteor  trails  which  otherwise  would  not  be  seen.  There  arc  large  numbers 
of  thcjtc  small  meteuu.  Inclcii!  one  la  regard  to  ionospheric 

scatter  is  that  the  requlretl  Inhomugeneou:*  .structure  of  the  atmosphere 
Is  caused  by  the  constant  overlap  of  numerous  small  meteor  trails  each 
one  of  which  would  be  loo  feeble  to  l>c  detected  IndivLluilIy. 

The  stronger  irall.s  arc  not  contintiously  ijrrsenl.  ('onscquenily  i)ropaga- 
tlon  via  those  trails  proceeds  In  Irregular,  shert -lived  bursts.  Since  the  trails 
occur  somewhat  randomly,  with  different  orientations,  the  particular  tra¬ 
jectory  takers  by  a  scattered  radio  wave  varies  from  one  meteor  to  the 
next.  C\)nsr‘(tuently,  the  direction  of  arrival  Is  not  ct)n;:*ant,  and  rneteor-tral! 
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propngation  docs  not  provide  «n  e'*curate  metho^J  of  direction  ftndinf 
unless  moi2  sophisticated  techniques  arc  to  obtain  supplementary 
information.  The  bandwidth  thnt  can  be  transmUted  via  any  one  meteor 
burst  is  very  large  (many  megacycles).  During  the  later  stages  of  a  long 
trail,  as  it  gels  distorted  by  wind  shear,  the  bamlwidtH  is  reduced,  owing 
to  multipath,  from  different  parts  of  the  trail,  but  Is  still  appreciable 
(a  megacycle  or  so).  However,  the  pre^nce  of  more  than  one  rtrtecr  In 
the  tv»/im  simultaneously  leads  to  serious  multipath  limitations  (several 
kilocycles).  In  addition  the  motion  of  the  meteor  *rall  causes  a  d(H>pler 
shift,  which  is  not  very  large  In  nuignitude,  being  as  much  as  10  tps  at 
SO  me  \nd  prap<jrtlcna’  to  frequency. 

Meteor  trails  h;;vc  a  limited  application  in  countermeasures.  They  can 
be  ureful  in  signal  aetectior  in  tlutl  moderate  powers  can  be  detect>»d 
at  larKe  distances  (ISOO  miies  ground*loground).  However,  the  traav 
mission  Is  sporadic  and  d^rectloruil  information  poor.  Their  use  in  power 
jamming  Is  negligible.  However,  one  application  of  meteor  transmission 
nai*  been  in  a  buist<ommunlcation  system,  which  is  attractive  becaiiv 
of  the  security  aspects  aMociaUd  with  the  directive  pro^Krtles  of  meteor 
scatter  The  ix>ssibility  of  confusing  such  a  communicatloni  system  bv 
spoofing  techniques  Is  not  to  be  overlooked. 

31.S.4  Propagalloii  via  Aurt*ra* 

High  energy  particles  shot  from  the  sun  are  defected  by  the  earth’s 
magnetic  held  to  enter  me  upper  reaches  of  the  ainwsphere  at  high 
magnetic  la:l%udes.  The  lesultlng  Ionisation  takes  on  a  variety  of  form.s. 
However,  in  all  cases  the  colum.is  of  ionisation  tine  up  along  the  earth’s 
rnagnetlc-hfld  lines,  and  reHectlon  t.akes  place  when  the  Incident  and 
rertccled  rays  are  perpendicular  to  the  Held  lines.  This  geometrical  limlta- 
tion.  when  combined  with  the  fact  that  aurorcl  forms  rarely  |K‘netrate 
below  60  miles  aUltude,  severely  restricts  the  regions  from  which  auroral 
rcnecilons  can  be  obtained.  For  example,  they  are  not  detected  above 
65“degrfes  latitude  looking  south.  On  the  other  hand,  a  Utltudr  of  60 
de«trres  looking  poleward  they  can  be  detected  over  in  arc  120  degrees 
In  wid*h. 

Tiic  rctW'iion  coefficients  actually  arc  snmll,  on  the  order  of  10 
Correspondingly,  absorption  associated  with  aurorae  Is  negligible,  being 
one  (ib  or  so  nt  30  me  and  decreasing  rapidly  with  frequency.  As  a  result 
aurorae  dt*  not  appreciably  disrupt  stralght-lhrough  propagation,  However, 
they  arc  of  sufAclenl  magn**udc  for  easy  detetdon  o«  reflections  nt  fre- 
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quenclfn  Around  50  me.  In  going  upwurd  in  frcquencyi  the  reflected  algnals 
decrease  in  amplitude.  The  law  of  decreese  with  frequency  ii  not  always 
consistent,  varying  from  an  Invctse  third  to  an  Inverse  seventh  po^'er. 
However,  current  equIpmenM  ;>ermll  aurora!  detection  at  400  me  without 
dlfTcuIty. 

Reflected  signals  are  characterised  by  high  fading  rates  and  strong 
doppler  shifts  more  thar  ten  ilmes  th</se  observed  in  meteor  scatter.  Both 
vary  prupartlonatcly  with  frequency.  In  regions  where  auroral  detection 
is  po^ible,  the  large  spread  in  angle  permitted  by  the  above  mentioned 
geometrical  restrictions  results  In  a  severe  multipath  problem.  Consequently, 
signal  fidelity  Is  extremely  unreliable. 

a  is  clear  from  all  (heK  charactc.  *  tics  that  auroral  propagation  has 
dcArUtely  limited  possibilities  in  countermeasures.  Its  lest  use  In  any 
event  would  be  in  conjunction  with  a  monitor  radar  to  tell  when  an 
adequate  aurora  li  present.  The  principal  advantages  are  its  existence  at 
times  when  other  mechanisms  may  not  rulfure  ind  the  reasonably  good 
signal  strengths  obtainable. 

3!»3*5  OffTraclIon 

Because  of  the  wave  nature  of  propegition,  the  shadow  reyiun  around 
the  earth's  bulgo  or  behind  mountains  Is  not  completely  devoid  of  signal, 
even  In  the  ab%*ncc  of  refraction,  reflection,  scattering,  or  other  deflecting 
causes.  Waves  penetrate  the  shadow  regions  by  diffraction,  lljc  *nagnl»ude 
and  distribution  of  the  diffraction  fields  depend  on  the  geometry  involved 
and  on  the  wavelength  (References  55  and  So), 

For  diffract  ion  around  a  spherical  ear  in,  the  caiculatlons  are  quite 
complice te<i.  They  have  been  worked  out  and  presented  In  convenient 
usable  foim  (References  5  and  56).  At  low  fref|ucncles,  this  ground  wave 
is  of  consicirrabtf  Imporunce.  as  one  goes  up  In  frequency,  the  rate  ot 
which  the  diffraction  Aeld  decreases  with  distance  beyond  llne.of.slght  goes 
up  repidly  Thus  at  microwaves,  thfie  Is  a  relatively  short  distance  interval 
In  which  dlffrert^^m  Adds  prcriamln:.te.  It  llct  In  the  region  Just  l>eyond 
lint  .of  .sight;  the  diAracilon  Adds  deireasf  so  rapidly  with  distance  that 
ihf)  soon  drop  below  the  scatter-AeW  'vrl. 

I'hc  situation  is  alte,erl  If  the  ro*.  IhI  enrih’s  horizon  Is  ;eplaced  by  a 
rdativdy  sharp  mountain  rarge  (Reference  57).  This  "knlfc.edge’‘  dlf* 
fraction  results  In  much  stronger  Adds  in  the  shadow  region.  Consequently 
diArnttion  outweighs  scatter  over  a  greater  distance  range  This  signal 
enhancement  has  l>een  given  the  somewhat  paradosIcMl  name  of  “oljsterle- 
gain/*  it  can  be  utilized  under  some  si)eitlic  situations.  Signal  levels  tend  to 
Ik*  steady  but  de|K*nd  on  drtiiils  of  the  geomeliy  and  the  !r.ir»‘*’ela»ionshlp 
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with  refracting  conditloni.  Since  very  fei^  horirons  preterit  a  true  knlic- 
eHfe  proftle,  the  occaticiu  on  which  oue  should  expect  to  And  obstacle 
fain  are  not  always  cleat.  The  phenomenon  has  deAnItely  been  shown  to 
exist,  but  more  measurements  arc  needed  on  fading  rates  and  transndsslon 
bandwidth. 

In  countermeasures  applications,  diffraction  Aelds  can  provide  a  very 
usefid  supplement  to  mechanisnis  for  signal  dctecMon  In  special  situations. 
The  application  In  jamming  techniques  is  far  more  limited.  Direction 
Anding  accuracy  and  signal  distortlor.  may  be  a  problem. 

31.3.6  ArilAclal  Modi Acatf one  of  tha  Fropagatioii  Medlutn 

People  are  always  alert  to  Ine  posiiblilty  of  artiAclaliy  Inducing  changes 

In  the  atmosphere  which  might  extend  or  reduce  transmission  ranges, 
depending  on  the  pur)>ose  to  be  served  It  mu.st  be  borne  in  mind  in 
this  regard  that  the  atmosphere  Is  very  large  compared  with  most  man 
made  disturbances,  so  that  it  is  necessary  cither  to  cause  an  unusually 
large  disturbance  or  to  And  a  trigger  mechanism  to  which  natural  changes 
in  the  atmosphere  are  sensitive. 

Attempts  to  And  absorbing  g  ses  which  would  serve  as  radar  camou- 
Aage  have  not  proved  overly  practical.  Similarly  a  stimulation  of  iropoa- 
pheric  scatter  by  sound  waves  or  blast  has  not  been  achieved. 

In  the  case  of  the  iono.sphcrc,  the  situation  Is  a  little  better  Re!ea»c 
of  chemicals  at  E-layer  heights  Introduces  material  easily  Ionized  by  solar 
radiation.  The  result  Is  a  small  cloud  of  lonfzatloki  which  persists  for  a 
short  lime  and  from  which  reftcctloru  can  be  obtained.  This  technique 
has  potential  applications  in  reconnaissance  but  has  not  been  thoroughly 
explored  at  this  writing. 

Nuclear  explosions  create  a  large  erough  disturbance  to  have  co.Mlderahlc 
eAect.  The  greatest  effects  are  caused  by  high  level  explosions  and  seriously 
influence  the  Ionosphere.  lonisAticn  at  60*n:ile  heights  leads  to  niarkedly 
‘ncreased  absorption  at  HF.  ArtiAcial  aurorae  are  produced  from  which 
rcAectlons  can  be  obtained  above  500  me.  Undoubtedly  much  more  rczearch 
will  be  done  In  investigating  this  phenomenon. 

31.3.7  Tr«>nthorlKon  Rpiigea 

By  way  of  quick  summary,  and  at  the  risk  of  gross  oversimplification, 
Figure  31-6  U  included  to  give  a  rough  indication  of  ranges  that  can 
l>t*  iahirvvti  at  verious  frcqu  jnclcs  for  various  types  of  propagation.  This 
figure  is  applicable  to  gruuni-to-ground  transmission  beyond  linc-of-sight. 
I'hls  Irtformatiun  must  be  iitilized  in  the  light  of  the  qualiAcations  and 
variability  described  in  the  Ic*:!. 
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poUrUatlon  effret*.  |6-9 
rr;.ptmK  t'l  frequency.  16  6 
tactical  c«in*ldeiatlonft.  16*17 
corner*.  16-7 
rope,  16*0 

theory  uf  reiponu,  11*5 
window,  2-11 

Conlcai-*’an  tracking.  14  42 
Cart»*«nt  falK  ala^m  rate  teihriique.,  t4*27 
Corner  rcflertor*.  16-7.  W-it,  19  16 
CorretaiUm  filter*,  i4-  ‘b 
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CorrrUluri.  nun*pfrwc!lcMy,  JO  24 
pri,  <0-24 

pul»c  poAiilon»  ^0*25 

Cro»»r<i*ftrW  microwave  lubm,  iff  Micro- 
Wivr  lul)Cii,  rro*H'd-AcW 
(*ro«*4*d  fVId  DtcUlalorii.  mfchanlr«lly 
tunrd.  :$  \$ 

CriHwfl  Arid  travrilni  wave  d’vitr*,  27*1 
(*  W  doppirr  radar. 

C'W  ncrptlon.  9-7J 

:> 

l>aia<  handling,  tnl^rcrpt  rrcrW#r»,  *7 -ft 
Inondna,  ll-tl 
lllirtry.  MU 
ri‘f«  nnaUtance,  I -10,  4-J 
anatyaU.  11  It.  M  U,  1M5 
handling,  MO,  IM 
Mirtlng,  M-17 
fkturagv  «yi>lrm),  II  >14 
Daia  link  Jamming,  14*52 
Data  read  out.  Intercept  rrcfivert.  9-46 
Derepthm,  combined  rangr*anwlr  U*tu 
in  Irarkittg  rail  .r  Jamming.  M-.t*, 

»ignal«,  14*2 
itulimafim**,  2.i«lK 
P  c«miqur»,  15  12 
|)c(iMllng,  R-D 
lhHo>?i,  I  W.  .'.Jl,  JO  I 
auive  iiimulatioii  ot  airborne  targetv, 

20-17 

hroafifkidi*  i't.hocB.  J0>1J 
charatlcrlMUB,  20-2 

dUtriminallitn  rai^abilMte*,  20  4 
iitItAiM)  •imulathm,  20-26 
\\.w  ti  mperAtt;i  22  v 
|ia^«ive  *timuiath.n  of  radar  trott  action, 
20  7 

MrnuUlion  Uthnh|ue»  tummary,  20-29 
fcubinarlfu*,  2  t  IH,  2  t-22 
Ui‘l«4th>n.  muitiple  drci'lon  problem,  7*9 
r.olir,  t  14 

ptihiriiaUnn.  firdtCB  In,  2^  2M 
ranvt',  radar,  maxbiiutu. 

MiiuetdUl.  f-9 

I  -7.  0*2,  7  - 1 

eombimrl  paK**Ui' aclive,  14*2H 
1 J*  ♦  tt'ff,  iidiari’d,  2 1  n 


Deteclort,  pholoionductive,  21  »7 
pulirr  code  prenencr,  J0-2t 
Uelunini:,  14-57 
Dickf  Ax,  14-27 

DIAracdon,  in  tranihorUon  propagation, 
M  jn 

DINA  (Direct  Ntdae  AmpliAcatlon),  2.I4, 
2-U.  12-J.  12-4,  14*V.  1400,  14.Jfi 
Dtixilrft.  ekctric,  1009.  10  JJ,  29-19 
magfmtic.  29-22 

Direct -d>  tection  receivers,  iff  Kccelveri, 
direct -deU  Clio  n 
Direction  Aiiueri,  2-U 
InMintaneoui,  10-69 
DlrtcMon  Anding,  1-9,  2  7,  C-JI,  100 
A>f  n/m  Aniennat 
array*.  10-9 
dupplcr,  1014.  1007 
earth  effect i,  iO-24 
goniotneteri.  lO-dO 
ground  conductivity,  10-27 
hUtory,  tO-t.  10-2 

ln»tantaneout  comparlMrn  of  pbatc,  10- 

n 

Initantaneou*  type,  tC-69.  10-71 
interferometer*,  10-65 
Invcrie  loran,  10*61 
irregular  |>allern.  10  J6 
local  »iir  rffc.ti,  10-74 
mca.uiemcnt  technique*,  lO-HC 
pha«r  citmiiarUon  ftyatrm*.  10-61 
|Hi*itlon  Axing,  10-90 
IMifttdetectar  correlator.  10-6S 
prlmlpkt,  10*1 

ftiMtueniial  ampiitude-meaBurcment  iyi>f*. 
10*27 

Hfiuenthil  pha*e  m<a»urement  type*,  10* 
14,  10  5’ 

M^iurntial  time-delay  methods,  10*15 
trchnirpje*.  10-15 

lime-diffi  ri-iicr  tcanning  method*,  10*66 
wide  operturr  *>»tem,  10-44 
‘Hide  ii|Hn’*  *y*lrrr.i,  lD-74 
DIm  limtnalnr*.  tiutH*^idlh.  50  I M 
I  )i«|H‘r*iiin,  line  of  riuht  prufKiKatton,  Jt*9 
DUit-rliiMv  muliip.ith,  Jamming  scheme*, 
16  19 

Iran^opI  ii,  steady  *'atc,  24*19 
IhtppUr  ducilinn  Anding,  10*14 
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Doppirr  fuxei,  16-1,  16-19 
Doppirr  rRiUr,  c-w^  M-40 
pulM,  U-40 
Dronm,  enemy,  3-20 

Dyn«r.ilc  rtnue,  intercept  receivers,  9-6, 
9*42 

E 

Kiirty  wsrnins  rRuam,  cuuntirmcmurct 
3-2 

Early  Wtrnlns  Syiiem,  4-B 
Earth,  effect*  on  Ulrectfon  Andlng,  10-24 
electronic  turvelllanc.'*  of,  countermeai- 
uret  aKainikt,  3-26 

Elect ro ms K net Ic  Wiive«,  abtorptlon  In  l<#n- 
iicil  layer*,  10-20 
earth  effect*,  10-24 
In  an  lonimt  medium,  IC-IK 
local  ilte  effect*,  10-24 
lower-atrr.o»phcre  phcnome;ia,  10-22 
nurlear  bla*t  effect*,  10-22 
polnrlialion  chaiiKci,  10-21 
pro|vairatlon.  10-17,  10-20 
Electron  Kun*,  back  ward -wave  device*,  26* 
20 

travelinit-wave  tube*,  26-A,  26-30 
Eleitfiintc  counier-countermea«urr*.  deftnl- 
tlon,  1-2 

Electronle  countermea«urrt,  alrlwtrne  *y*> 
tern*,  3-2,  3-9 
dv'Onltlon,  1-2 
evaluation,  2-19 
hUiory,  1-4,  2-1 

Inleitrathin  with  Infrared  court  rn> 
urri,  22-20 

per»peftlvc  In  modern  warfare,  1-4,  3-1 
p*>chi>phy»lcal  probicmt,  11-36 
reiKUrch,  !-3 

»up|)t(*mentary  teihnic|uri,  1-24,  30-1 
*y*tem»,  2-14,  2-24 

Electronic  Order-of  Hattie  (EOH),  It -I 
Ironic  warfare,  definition,  t-2 
pt.>ch(»ph >’*!(»  in,  1-M 
•yjilem*,  t-2 

Kl.iNT  (KUHtronicft  tiiUltlKence),  2-23, 
4-2.  4-t.  4-7,  <10.  9  4,  9  75.  11  I, 
JO-1,  30*21 

Eiu  ruy  tll'irlacenuni  iMiiator,  frrrlte,  2H.i9 
EnHayemrnt  WirnloK  »y»lrnu,  22-IH 


Environment,  operational,  5-1 
*lgnal,  1-5,  5-1 

EOH  (Electronic  Order -of- Hat  lie),  ll-l 
Equal-ripple  gain  function,  24-51 
Equal-ripple  reiponK,  24-57,  24-64,  24-66 
Extractor*,  pui*e  30-15 

r 

Falw  alarm  rate,  conitani,  technique*,  14- 
27 

Faraday  rolallnn,  25-5,  2a-37,  25-51 
Feedback  amplitude  itabllUfr,  ferrite, 

Ferret  (intercept  *y*lcm»),  2-22,  2-32,  4-1, 

24- 79 

Frrrimagnellc  material*  and  device*,  1-23, 

25- 1 

Sff  afjo  Ferrite* 
bandwidth,  25-36 
ECM  application*,  25-40 
Faraday  rotation  limitation*,  25-37 
llmitatiun*,  25-34 
high  power,  25-39 
low  frequency,  25-34 
linrwidth,  25-36 
microwave  application*,  25-14 
Ferrite*,  below  1000  Me,  application*,  25*1 
circuit*.  25-6,  25-7,  25-11 
|{iw4o»f  characteriitlc*.  25-1 
nonlinear  characicrhtic?  25*  t 
Icrntwrature  rharacteiNtlc*.  25-1 
timr-reiaxation  phcnomemi,  25-10 
microwave  device*,  Mp|dkatton*  N*ed  on 
nonlinear  effect*,  25-33 
at>t)lled  magnetic  Arid  parallvt  to  prop¬ 
agation  direction,  25-29 
applied  magnetic  Add  Iranftvertc  to 
pro|>agatlon  direction,  25-30 
elrclroidc  *ranning  u*e.  25-32 
Faraday  rotation  application*,  2S-2S 
ferrimagrtetlc  rei-inance,  25  15 
ferromagrwllc  rraonance  ah»orptlon 
a|ipii«ailiMi«,  21'-29.  2a  3 1 
Kltlel  ft  r<iualton  fui  bounikd  medium, 
2X-22 

InMe*.  25-17 

microwave  energy  dl*t)lncemeni  nf)- 
tilicalhtn*,  25  25 

microwave  field  dl^fdacenienl  applita 
(ion*,  25-32 
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Kcrrltc«,  micro  wrvt  clcvicp»,  micro  wive 
pro|MiKMtlon  In  infinite  medium, 
iM.;o 

pernuiMlity  tenter, 
phiH*  ihllt  appllcitlnni, 
princ!pL%  7M-24 
prupertiet,  2 II* IS 
fttructurr,  4K<t5 
larKt'l  absorption  uk.  i'>*Q 
F ‘frorirctric  riiatcrial*  and  devkft,  t*2S, 
<8.1 

atipikafitm*  below  lOCX)  Me,  28*1 
circuit*,  2M  6,  28*7 
low  K.m  iharaefrrittirs  28- 1 
mmltnear  chare(teti*tlct,  28*1 
twrep  HI  VC  form,  28*11 
Irmp.raturr  chararterUtk*,  28- 1 
Ferrnmaitnellc  retonener,  fe.rllrt.  28*9, 
28*.U 

FIcUl  displacement  lM»talurt,  ferrite,  28*.'' 
Meld  victor*,  lO  S 
Filter  amplift»*r,  24*40 
Filter*,  24-7.1 

tunable,  cimviat  ferrite,  2 8 *.10 
rumh,  24*78 

curnimtlble,  •utwrliricrot'ync  rrcelven,  9* 
ts 

correlation,  24*76 
frei|uenc>,  24 -7^ 
tunable,  ^trip-line,  ferrite,  28*10 
Flare*,  ilistHotina  ecjulpmcnt,  22*7 
Floating  drift  tulrc  otclllator,  25-20 
Fli  atina  drift  luire  klytiron,  25*22 
For  ward -wave  ampIlArrc,  2  ’ 

FM  by* noise  jamming,  14-9.  14 *20,  14*26, 
14*50,  14  J8.  14  .4,  14  56.  I4.«7 
Fr IT  spare  tirofuigatlon  51*5 
Frrquerio,  rharactiiiftllc*.  antijrimintng 
leihnlque*  rented  to,  14*25 
control,  automatic,  iranimltter*.  50-52. 
50*55 

niter*.  24*75 

indicator*,  Instantaneou*  9-68 
memory,  24*79 
range,  intercept  receiver*,  9-6 
lran*fer,  JO- 12 
Fu/e  re|>ealets,  1  14,  I6*t 
Fu/is,  counter mca»urc»,  5  6 
delottatlon.  variable-time,  5  t9 


Fuie*.  prualmity,  radio  jamming,  15*18 
repeater  jammer§  UKd  agaimt,  16*7 
radio  doppler  ptoalmity,  princfptea,  16*1 
repeater  detign,  io*15 

C 

Gain,  intercept  receiver,  9*42 
trmvrlirK*wiive  arvicei,  26*10 
Gain-band  kith  faclur,  24-58,  24*^> 

Gain  function,  equat-rlpple,  24*51 
maalmatiy  flat,  24-49 

Ga*rouft  electronic  malrrUti  and  drvkvt, 
:*25.  28-1  2S*<;S 
charact  Cl  Utica,  2t*45 
Hrciron  loaa  mechani>m&.  28*47 
Faraday  rotation,  28*51 
miertiwavr  application!,  28-50 
Mlcrc'vave  breakdown,  28-47 
et  High  altltudei,  28*56 
m’  ruwave  pha*e  ihlft,  28*54 
operational  probltmi,  21*56 
propagation  characlerUllci,  28*48 
•witch,  28*52 

Cate,  range,  pu!l*i  ff.  15*14 
vr'ocity,  pull*off,  15*16 
Geoi  aphtc  programming,  17*6 
l.eumeiry,  jamming,  1-11,  15-1 
(Jrnlomctcr*,  tC*80 
Ort  und  conductivity,  10*27 
Ground  InsiaPaMom,  Infrared  cuuntermeai* 
urea.  22*14 

Ground  operation*.  FCM  and,  5*19 
Ground  rcflecuon  factor,  15*7 
Gniund  targeU,  inf.ared  radiation  charac* 
^ri*tkft.  21*19 

i'  urd  banct  citcuita,  traiitmllter*,  50*54 
Uuld  nee  rountermeaiurta,  3*6 
Gyrator,  microwave,  ferrite,  28*27 

H 

Harm  nic  generation  and  mlaing,  ferrite* 
In,  28*54 

Harmonic*,  mixer,  50*2 
space,  27*5,  27*5 
Helix  antennal.  29*25 
Horn  antenrtaa,  29*28 

Hurrmn  factor#,  electronic  countermrAi* 
urea  8-1 
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14*44 

liMktliif.  dtta.  11*11 

MtiUnU»r«i**  fft<^irncy»  4*41 
t«f0n«uiti»fi,  uf  l>«fa 

iMfnfvtl,  tKirft(Url*lkt«  |et  airrrtft  Ur* 
WriK  IMi 

rtHim^ffnaawrr*,  icth^  Murtv*  atlachfd 
to  alrtraft,  11*4 

tnjEitrmr^il  uraiiUnit  tyilrma,  H*14 
twund  InHtlUlkifm  U 
kitffrttlun  with  ether  KCH.  i2*20 
»moke  ctouiia,  12*14 
trchniquea.  1*11,  12*1 
iktretori,  Jl*4 

ik%4ce*,  cenipwml  wUh  mU:rcwiv%  and 
vMblf  udUtion  devkea,  11*4 
radlatUin,  chaucttrittlca*  1*171  21*1 
character tillci  of  air*to*alr  rocketa,  li¬ 
lt 

rhartclerlatkt  of  around  urxctti  11*14 
•hirldtna  }el  entlf^Ut  11*11 
irekert,  nendtlvlty  to  UiAter  wtvt* 
Icnctha,  l«*t 

limutalion  of  radar  decoya.  20*14 
irackert,  prlrvcIpW*,  21*4 
InlclUaencri  4*1.  4*2 
Intrrcrptt  irr  dfjo  Hrctivera 
airborne  raukr,  countrrmea»urr»  igalnat, 
3  5 

aniennaii  19-i0 

approatmate  approach  to  problenti  6-W 
coincidence  problemi  6*1 2.  6*14,  6'12, 
6*J2 

communicatluni,  4-t 

prtiUbllity,  1-6,  6-1,  6*18.  9  7,  9-4,  11-8 
ilgnai,  »yatcm  evaluation  in  tcrmi  of,  4- 
12 

•yrtrmft,  4*1,  9-20 
evaluation,  4-22 
operattonal  objective*,  1-5,  4-1 
Interception,  underwater  acoustic  rtiun- 
termeasurea,  12*6 

Interference,  jammlnit  lystems,  17-4 
Intrrferometeri,  10*65 
tnverK'*galn  modulation,  15-16 
Ionosphere.  10-10 


Ionospheric  aliaorption,  line*of-slght  pnip- 
agation,  Jl*7 

Ionospheric  dispersion,  llnc*nf -tight  prop¬ 
agation,  21*9 

Ionospheric  rtfraction,  linc-of-sight  prop¬ 
agation,  21-14 

Iranshoriion  propagation,  .11-20 
lonoatdteric  sciilirr,  tranahorUon  propa- 
fatlon,  .11-25 

1  sola  ton,  briudiMnd  high  |Hiwer,  ferrimig- 
netk,  28-42 

broadband  low  pf*wer,  ferrimagmdic,  28- 

42 

rrwrgy  dUpUermant.  ferrlu*,  28-24 
ferrite,  28*27 

Arid  diapticement,  ferrite,  28-22 
rrsonar.cr  absuipiion,  ferrtie,  28-29,  In¬ 
ti,  18*24 

J 

Jammera,  ire  olio  Antijamming;  Jamming 
barrage,  12-5 

iook-throurh  capability,  16-21 
repeater,  l4-4i,  16*1 
UM  agnlntt  fucea,  16*7 
use  against  voire  communlration,  |6. 
15 

spot,  12-6 

twerp  lock-on,  12-8 
swept,  12-7 

jamming,  2-14,  2*15,  8-27 
.See  also  Antijamming 
AM-by-nolse,  14*4  14*38 
ar‘enna  gain,  U*K 
antennal,  29-10 
rsmoufluuc  factor,  IJ-’ 
communications,  12*16,  14-51 
data  link,  14*52 
effeclivencM,  detuning,  14-57 
ex]H;rimenlttl  melhodt,  14-11,  14-44 
Influence  of  antljiimmlnK  techniques 
on,  14*24 
map  lest,  14*55 
results,  14-24 

theoretical  evaluation,  14-5,  t4-S2 
equation,  fundiimrnta],  ,2-2 
equipment  evaluation,  14-2,  14-54 
KM-by-nolse,  14-4,  14-20,  14-20,  14*28, 
14-54,  14-56,  14-57 
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Jammlnw,  mnmdry,  Ml,  tJ»l 
jirijund  R'llccl  on  114 

look  throUKS  W-5 
jmjKkIny,  f«»l  R'  IM 

JlMorJlJfi,  U-l« 
nolwt  J4*l& 

»i)HCurat<rn, 

niiliir  ri-«/lvir  rr»pimi«.  Ml? 
hkIIo  1141 

uluiKilXi  M'*l 
I'ffiTtlvcn ?•*!  I'll,  M- 
ramlum  Urragr,  U-f 
jilMiuliilioni  1449 
nihri'ptitjlliiy  toi  144 

rirrirurk  l?*i 

Ut'Oiiiuplik  imijramrilKf,  174 
ItUi'rfmnvr, 
modi’  wkcilng,  IT.J 
prourammcd  automttk  t*IS«  t7*t 
pmttranmrr,  i74 

proi^ratanirr  conlrat  tlmcnt*,  174 
pMcra  nn»cr  I7*t0 

ti'ftt  ranu’i  14  40 
-to-«imki>t  ritlo,  14.  I 
tracklnu  radar  prabrm,  1441 
lubf*  chf  tarirrUikt  14.3 
volii’  rnnimunkail  )A«.  14*51 
undtTUrMii’r  arntMk  (ounirrmra«urr». 

11*11 

Ji't  airci^a.t,  •hkldini.  11.11 

Jii  Uraris  inftartd  cKaraMrrlit  ca,  11*13 

K 

Klytirttns  1.34,  1:  .|5 
rhantt urktkt,  546 
rvaluaiind.  15*  9 
o|M*ra  bm  primlpirs  15*16 
pricllrai  Ooati  tg  drift  tub<%  25*11 

1. 

LacufUf,  10-lJ 
Mhrar  '  data,  11*11 
MkrlkiMHl  rallfl,  7*7,  7*9 
Umiltrt,  amp  Uudr.  14*111 
mir  itmve,  ferrltr,  lH.Jo 
l.lnc  I  I  daht  prnti«gaiton,  ri’i*  Prupagat'.on, 
Itm*  uf  .alghl 


l^lncar  video  ampllOcrji  fundimentaliii 
14*1 

ri»c  time,  14*6 

UtaaJouR  ARuren,  10*69,  10-70 
I«ocal  ORCltlalora,  30-3,  30-12 
Locking-f^  ORclIiatori,  14*87 
Logar*ihmicaily  periodic  anteonan,  19-16 
Lvok-through,  11-5 
capability,  Jammer,  16-21 
Loopx,  Iff  Antennal 
Iroran,  lnvcr»e,  direction  Ondcr,  10*68 
Luneberg  leni,  10-55,  10-56,  19-13 

M 

Magnetic  dlpolci,  29-11 
Magnetic  Odd,  propagation  In,  10*10 
Magnetic  modulator  circuit,  18*9 
Magnetron  onclllatora,  voltage  tunable, 
27-t,  17-1  27*3.  17-6,  17-7,  1744 
ippllcatloni,  1'.  44 
future  capabltltlri,  27-45 
operation,  17-43 
lubei,  17-40 

Masnetroni,  1-16,  1-34,  1*35 

.S'ff  a/io  Magnetron  oiclllatori 
equipment  UMgc,  15-4 
jamming  characteriitica,  15*3 
multlcaviiy,  15-4 
dmign,  15-4,  15*6 
long-Hnei  rffecti,  15*11 
family  rapabllltlci,  15-8 
operating  charncterlitki,  15-11 
pu'ting,  15-11 
puihing.  15-11 

ftccondary  electronic  cffccti  In  inter¬ 
action  upace.  15-9 
thermal  drift,  15-12 
tuning,  25-6 

OIK’ rating  para  met  era,  25-1 
Mapi,  electronic,  4-6 
Marconi  antenna,  10-4 
Maitklng  target,  1-16 
Ma»kiRR  Jnntmeri,  t-10,  12-t,  12-5 
Manking  Jamming,  futtori  iffectlnp!,  12-1 
Meteor  tralla,  10-22 
irnnuhorlxon  i>rnp&Ratlon,  .11-26 
Micron  weep  recdveri,  9-45,  9-64 
MIcroWitve  circulator,  ferrite,  2K-27 
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Microwave  tlevlw»,  comjjarvd  with  lnlf«* 
rrd  ticvicvi,  3J’6 
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